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Foreword'
In 1957, the Thermophysical Properties Research that about 100 journals are required to yield fifty
Center (TPRC) of Purdue University, under the percent. But that other fifty percent! It is scattered

leadership of its founder, Professor Y. S. Touloukian, through more than 3500 journals and other docu-
began to develop a coordinated experimental, ments, often items not readily identifiable or ob-
theoretical, and literature review program covering tainable. Over 85,000 references are now in the
a set of properties of great importance to science and files.
technology. Over the years, this program has grown Thus, the man who wants to use existing data,
steadily, producing bibliographies, data compila- rather than make new measurements himself, faces
tions and recommendations, experimental measure- a long and costly task if he wants to assure himself
ments, and other output. The series of volumes for that he has found all the relevant results. More often
which these remarks constitute a foreword is one of than not, a search for data stops after one or two
these many important products. These volumes are a results are found-or after the searcher decides he
monumental accomplishment in themselves, re- has spent enough time looking. Now with the
quiring for their production the combined knowledge appearance of these volumes, the scientist or engineer
and skills of dozens of dedicated specialists. The who needs these knds of data can consider himself
Thermophysical Properties Research Center de- very fortunate. He has a single source to turn to;
serves the gratitude of every scientist and engineer thousands of hours of search time will be saved,
who uses these compiled data. innumerable repetitions of measurements will be

The individual nontechnical citizen of the avoided, and several billions of dollars of investment
United States has a stake in this work also, for much in research work will have been preserved.
of the science and technology that contributes to his However, the task is not ended with the genera-
well-being relies on the use of these data. Indeed, tion of these volumes. A critical evaluation of much
recognition of this importance is indicated by a of the data is still needed. Why are discrepant results
mere reading of the list of the financial sponsors of obtained by different experimentalists? What un-
the Thermophysical Properties Research Center; detected sources of systematic error may affect some
leaders of the technical industry of the United States or even all measurements? What value can be derived
and agencies of the Federal Government are well as a "recommended" figure from the various con-
represented. flicting values that may be reported? These questions

Experimental measurements made in a labora- are difficult to answer, requiring the most sophisti-
tory have many potential applications. They might cated judgment of a specialist in the field. While a
be used, for example, to check a theory, or to help number of the volumes in this Series do contain
design a chemical manufacturing plant, or to com- critically evaluated and recommended data, these
pute the characteristics of a heat exchanger in a are still in the minority. The data are now being
nuclear power plant. The progress of science and more intensively evaluated by the staff of TPRC as an
technology demands that results be published in the integral part of the effort of the National Standard
open literature so that others may use them. For- Reference Data System (NSRDS). The task of the
tunately for progress, the useful data in any single National Standard Reference Data System is to
field are not scattered throughout the tens of thou- organize and operate a comprehensive program to
sands of technical journals published throughout prepare compilations of critically evaluated data on
the world. In most fields, fifty percent of the useful the properties of substances. The NSRDS is ad-
work appears in no more than thirty or forty journals. ministered by the National Bureau of Standards
However, in the case of TPRC, its field is so broad under a directive from the Federal Council for Science

'ii
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viii Foreword

and Technology, augmented by special legislation books. Scientists and engineers the world over are
of the Congress of the United States. TPRC is one indebted to them. The task ahead is still an awesome
of the national resources participating in the National one and I urge the nation's private industries and all
Standard Reference Data System in a united effort concerned Federal agencies to participate in fulfilling
to satisfy the needs of the technical community for this national need of assuring the availability of
readily accessible, critically evaluated data. standard numerical reference data for science and

As a representative of the NBS Office of Stan- technology.
dard Reference Data, I want tocongratulate Professor EDWARD L. BRADY
Touloukian and his colleagues on the accomplish- Associate Director for Information Programs
ments represented by this Series of reference data National Bureau of Standards



Preface

Thermophysical Properties of Matter, the TPRC Data this context, the TPRC Data Series departs drasti-
Series, is the culmination of twenty years of pioneer- cally from the conventional handbook and ;iant
ing effort of the Thermophysical Properties Research multivolume classical works, which are no longer
Center (TPRC), one of the operating centers of the adequate media for the dissemination of numerical
Center for Information and Numerical Data Analysis data of science and technology without a continuing
and Synthesis (CINDAS) at Purdue University, in the activity on contemporary coverage. The loose-leaf
generation of tables of numerical data for science and arrangements of many works fully recognize this fact
technology. It constitutes the restructuring, and attempt to develop a combination of bound
accompanied by extensive revision and expansion of volumes and loose-leaf supplement arrangements as
coverage, of the original TPRC Data Book, first the work becomes increasingly large. TPRC's Data
released in 1960 in loose-leaf format, 1 "x 17" in Update Plan is indeed unique in this sense since it
size, and issued in June and December annually in the maintains the contents of the TPRC Data Series
form of supplements. The original loose-leaf Data current and live on a day-to-day basis between edi-
Book was organized in three volumes: (1) metallic tions. In this spirit, I strongly urge all purchasers of
elements and alloys; (2) nonmetallic elements, com- these volumes to complete in detail and return the
pounds, and mixtures which are solid at N.T.P., and Volume Registration Certificate which accompanies
(3) non-metallic elements, compounds, and mixtures each volume in order to assure themselves of the
which are liquid or gaseous at N.T.P. Within each continuous receipt of annual listing of corrigenda
volume, each property constituted a chapter. during the life of the edition.

Because of the vast proportions the Data Book The TPRC Data Series consists initially of 13
began to assume over the years of its growth and the independent volumes. The first seven volumes were
greatly increased effort necessary in its maintenance published in 1970, Volumes 8 and 9 in 1972, Volume
by the user, it was decided in 1967 to change from the 10 in 1973, Volumes 11 and 12 in 1975, Supplement
loose-leaf format to a conventional publication, to Volume 6 in 1976, and Volume 13 is planned for
Thus, the December 1966 supplement of the original 1976. The organization of the TPRC Data Series
Data Book was the last supplement disseminated by makes each volume a self-contained entity available
TPRC. individually without the need to purchase the entire

While the manifold physical, logistic, and Series.
economic advantages of the bound volume over the The coverage of the specific thermophysical
loose-leaf oversize format are obvious and welcome properties represented by this Series constitutes the
to all who have used the unwieldy original volumes, most comprehensive and authoritative collection of
the assumption that this work will no longer be kept numerical data of its kind for science and technology.
on a current basis because of its bound format would Whenever possible, a uniform format has been
not be correct. Fully recognizing the need of many used in all volumes, except wher, variations in pre-
important research and development programs which sentation were necessitated by the nature of the
require the latest available information, TPRC has property or the physical state concerned. In spite of
instituted a Data Update Plan enabling the sub- the wealth of data reported in these volumes, it
scriber to inquire, by telephone if necessary, for should be recognized that all volumes are not of the
specific information and receive, in many instances, same degree of completeness. However, as additional
same-day response on any new data processed or data are processed at TPRC on a continuing basis,
revision of published data since the latest edition. In subsequent editions will become increasingly more

II)
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x Preface

complete and up to date. Each volume in the Series The ultimate aims and functions of TPRC's Data
basically comprises three sections, consisting of a Tables Division are to extract, evaluate, reconcile,
text, the body of numerical data with source correlate, and synthesize all available data for the
references, and a material index. thermophysical properties of materials with the result

The aim of the textual material is to provide a of obtaining internally consistent sets of property
complementary or supporting role to the body of values, termed the "recommended reference values."
numerical data rather than to present a treatise on the In such work, gaps in the data often occur, for ranges
subject of the property. The user will find a basic of temperature, composition, etc. Whenever feasible,
theoretical treatment, a comprehensive presentation various techniques are used to fill in such missing
of selected works which constitute reviews, or com- information, ranging from empirical procedures to
pendia of empirical relations useful in estimation of detailed theoretical calculations. Such studies are
the property when there exists a paucity of data or resulting in valuable new estimation methods being
when data are completely lacking. Established major developed which have made it possible to estimate
experimental techniques are also briefly reviewed, values for substances and/or physical conditions pre-

The body of data is the core of each volume and sently unmeasured or not amenable to laboratory
is presented in both graphical and tabular formats for investigation. Depending on the available informa-
convenience of the user. Every single point of numer- tion for a particular property and substance, the end
ical data is fully referenced as to its original source product may vary from simple tabulations of isolated
and no secondary sources of information are used in values to detailed tabulations with generating equa-
data extraction. In general, it has not been possible to tions, plots showing the concordance of the different
critically scrutinize all the original data presented in values, and, in some cases, over a range of parameters
these volumes, except to eliminate perpetuation of presently unexplored in the laboratory.
gross errors. However, in a significant number of The TPRC Data Series constitutes a permanent
cases, such as for the properties of liquids and gases, and valuable contribution to science and technology.
the thermal conductivity and thermal diffusivity of all These constantly growing volumes are invaluable
the elements, and the thermal expansion of most sources of data to engineers and scientists, sources in
materials in all material categories, the task of full which a wealth of information heretofore unknown or
evaluation, synthesis, and correlation has been com- not readily available has been made accessible. We
pleted. It is hoped that in subsequent editions of this look forward to continued improvement of both
continuing work, not only new information will be format and contents so that TPRC may serve the
reported but the critical evaluation will be extended scientific and technological community with ever-
to increasingly broader classes of materials and prop- increasing excellence in the years to come. In this
erties. connection, the staff of TPRC is most anxious to

The third and final major section of each volume receive comments, suggestions, and criticisms from
is the material index. This is the key to the volume, all users of the volumes. An increasing number of
enabling the user to exercise full freedom of access to colleagues are making available at the earliest possi-
its contents by any choice of substance name or ble moment reprints of their papers and reports as
detailed alloy and mixture composition, trade name, well as pertinent information on the more obscure
synonym, etc. Of particular interest here is the fact publications. I wish to renew my earnest request that
that in the case of those properties which are reported this procedure become a universal practice since it
in separate companion volumes, the material index in will prove to be most helpful in making TPRC's
each of the volumes also reports the contents of the continuing effort more complete and up to date.
other companion volumes.* The sets of companion It is indeed a pleasure to acknowledge with
volumes are as follows: gratitude the multisource financial assistance

Thermal conductivity: Volumes 1, 2, 3 received from over fifty sponsors which has made the
Specific heat: Volumes, 4, 5, 6, continued generation of these tables possible. In par-

6 Supplement ticular, I wish to single out the sustained major sup-
Radiative properties: Volumes 7, 8, 9 port received from the Air Force Materials
Thermal expansion: Volumes 12,13 Laboratory-Air Force Systems Command, the

* For the first edition of the Series, this arrangement was not Defense Supply Agency, the Office of Standard
feasible for Volumes 7, 8, and 12 due to the sequence and the Reference Data-National Bureau of Standards, and
schedule of their publication, and Supplement to Volume 6 the Office of Advanced Research and Technology-
carries its own independent material index. National Aeronautics and Space Administration.

__ I
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Preface NJ

TPRC is indeed proud to have been designated as a wish to take this opportunity to personally thank
National Information Analysis Center for the those members of the staff, assistant researchers,
Department of Defense as well as a component of the graduate research assistants, and supporting graphics
National Standard Reference Data System under the and technical typing personnel without whose dilig-
cognizance of the National Bureau of Standards. ent and painstaking efforts this work could not have

While the preparation and continued mainte- materialized.
nance of this work is the responsibility of TPRC's Y. S. TOULOUKIAN
Data Tables Division, it would not have been possible
without the direct input of TPRC's Scientific Director
Documentation Division and, to a lesser degree, the Center for Information and Numerical
Theoretical and Experimental Research Divisions. Data Analysis and Synthesis
The authors of the various volumes are the Senior Distinguished Atkins Professor of Engineering
staff members in responsible charge of the work. It
should be clearly understood, however, that many Purdue University
have contributed over the years and their contribu- West Lafayette, Indiana
tions are specifically acknowledged in each volume. I December 1976



Introduction to Volume 13

This volume of Thermophysical Properties of Matter, analyzed, and synthesized, and recommended refer-
The TPRC Data Series, presents the data and infor- ence values or provisional values have been gener-
mation on the thermal expansion of nonmetallic ele- ated and are presented in the volume together with
ments, compounds, and other kinds of solid the original experimental data. Such recommended
materials. values are those that were considered to be the most

The volume comprises three major sections: the probable when assessments were made of the availa-
front text on theory, estimation, and measurement ble data and information. It should be realized, how-
together with its bibliography, the main body of ever, that these recommended values are not neces-
numerical data with its references, and the material sarily the final true values and that changes directed
index. toward this end will often become necessary as more

The text material is intended to assume a role data become available. Future editions will contain
complementary to the main body of numerical data, these changes.
the presentation of which is the primary purpose of As stated earlier, all data have been obtained
this volume. It is felt that a moderately detailed from their original sources and each data set is so
discussion of the theoretical nature of the property referenced. TPRC has in its files all data-source docu-
under consideration together with an overview of ments cited in this volume. Those that cannot readily
predictive procedures and recognized experimental be obtained elsewhere are available from TPRC in
methods and techniques will be appropriate in a microfiche form.
major reference work of this kind. The extensive We wish to gratefully acknowledge that this vol-
reference citations given in the text should lead the ume has grown out of activities made possible princi-
interested reader to sufficient literature for a more pally through the support of the Defense Supply
comprehensive study. It is hoped, however, that Agency (DSA) under the technical monitorship of the
enough detail is presented for this volume to be Army Materials and Mechanics Research Center
self-contained for the practical user. (AMMRC). The guidance and support of representa-

The main body of the volume consists of the tives of the sponsor have been essential to the success
presentation of numerical data compiled over the of the activities. Particular mention should be made
years in a most comprehensive and meticulous man- of the understanding support given by Mr. Joseph L.
ner. The extraction of all data directly from their Blu and Mr. Michael Corridore of DSA and Mr.
original sources ensures freedom from errors of Samuel Valencia and Dr. John J. Burke of AMMRC.
transcription. Furthermore, gross'errors appearing in Over the years, several assistant researchers and
the original source documents have been corrected. graduate research assistants have contributed to the
The organization and presentation of the data preparation of this volume for varying periods under
together with other pertinent information on the use the authors' supervision. In chronological order of
of the tables and figures are discussed in detail in the their association with TPRC, we wish to acknowledge
introductory material to the section entitled Numeri- the contributions of Messrs. P. L. Wang, B. M. Whit-
cal Data. The materials covered include 11 non- comb, S. N. Vo, P. J. Hoshovsky, and M. H. Kung.
metallic elements, 23 groups of graphites, 61 of Furthermore, Dr. P. D. Desai has participated in the
ceramics, 11 groups of cermets, 15 groups of glasses, preparation of this volume and has made significant
60 polymers, and 15 groups of composites. Of these contributions to it.
452 materials and groups of materials, the data for Inherent in the character of this work is the fact
228 (i.e., 50.4%) have been critically evaluated, that in the preparation of this volume we have drawn

'il



zlv Introduction to Volume 13

most heavily upon the scientific literature and feel a The authors and their contributing associates are
debt of gratitude to the authors of the referenced keenly aware of the possibility of many weaknesses in
articles. While their often discordant results have a work of this scope. We hope that we will not be
caused us much difficulty in reconciling their findings, judged too harshly and that we will receive the benefit
we consider this to be our challenge and our contribu- of suggestions regarding references omitted, addi-
tion to negative entropy of information, as an effort is tional material groups needing detailed treatment,
made to create from the randomly distributed data a improvements in presentation or in recommended
condensed, more orderly state. values, and most important, any inadvertent errors. If

While this volume is primarily intended as a the Volume Registration Certificate accompanying
reference work for the designer, researcher, this volume is returned, the reader will assure himself
experimentalist, and theoretician, the teacher at the of receiving annually a list of corrigenda as possible
graduate level may also use it as a teaching tool to errors come to our attention.
point out to his students the topography of the state of
knowledge on the thermal expansion of nonmetallic
solids. We believe there is also much food for reflec- West Lafayette, Indiana Y. S. TOULOUKIAN
tion by the specialist and the academician concerning December 1976 R. K. KIRBY
the meaning of "original" investigation and its R. E. TAYLOR
"information content." T. Y. R. LEE
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3. COMPLEX OXIDES
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Number marked with an asterisk indicates that recommended/provisional/typical values are not reported
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3. COMPLEX OXIDES (continued)
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Number marked with an asterisk indicates that recommended/provisional/typical values are not reported
for this material; for others these values are reported in separate figure and table of the same number
followed by the letter R.
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Number marked with an asterisk indicates that recommended/provisional/typical values are not reported
for this material; for others these values are reported in separate figure and table of the same number
followed by the letter R.

t No original-data figure given.
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269 Zirconium Carbide + Carbon ZrC + C .. ......... 957
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271 Ammonia Chloride NH 4CI. .. ......... 968

272 Cesium Chloride CsCl .. ......... 973

273* Lead Chloride PbC'2 . .  . . . . . . . . .  977
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275 Potassium Chloride KCI .. ......... 982

276 Rubidium Chloride RbCl .. ......... 990

* Number marked with an asterisk indicates that recommended/provisional/typical values are not reported
for this material; for others these values are reported in separate figure and table of the same number
followed by the letter R.

t No original-data figure given.
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5. NONOXIDE COMPOUNDS (continued)
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286 Lithium Fluoride LiF .. ......... 1036

287 Magnesium Fluoride MgF 2  . .  . . . . . . . . .  1043

288 Manganese Fluoride MnF 2 .  . . . . . . . . .  1048

289 Nickel Fluoride NiF 2  . .  . . . . . . . . .  1052

290 Potassium Fluoride KF .. ......... ... 1056

291 Sodium Fluoride NaF .. ......... 1060

292 Strontium Fluoride SrF2.  . .  . . . . . . . . .  1065
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294 Zinc Fluoride ZnF2  . .  . . . . . . . . .  1071

295*t Barium Fluoride + Calcium Fluoride BaF 2 + CaF2 .. ......... 1074
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297*t Miscellaneous Fluorides ......... 1076
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301*t Titanium Monohydride Till. ... . ......... 108S

302*t Vanadium Hydride VH .. ......... 1089

303* Ytterbium Dihydride YbH2  . .  . . . . . . . . .  1091
304* Zirconium Dihydride ZrH2  . .  . . . . . . . . .  1093

305 Cesium Iodide Cal .. ......... 1098

306 Potassium Iodide KI. . . ......... 1102

307 Rubidium Iodide RbI .. ......... 1109
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309 Sodium Iodide Nal .... ......... 111f;
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3 1 1*t Miscellaneous Iodides ......... 1122

312 Aluminum Nitride AIN .. ......... 1127

313 Boron Nitride BN .. ......... 1131

314 Silicon Nitride SN 4.  . .  . . . . . . . . .  1140

315 Titanium Nitride TiN .. ......... 1147

316 Uranium Mononitride UN .. ......... 1152

317 Zirconium Nitride ZrN .. ......... 1156

318 Miscellaneous Nitrides ......... 1160

* Number marked with an asterisk indicates that recommended/provisional/typicaI values are not reported
for this material; for others these values are reported in separate figure and table of the mue number
followed by the letter R.

t No original-data figure given.
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5. NONOXIDE COMPOUNDS (continued)
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319 Boron Phosphide BP .... ............ 1165

320 Gallium Phosphide GaP .... ............ 1168

321* Manganese Phosphide MnP .... ............ 1172

322 Plutonium Phosphide PuP .... ............ 1176

323 Uranium Phosphide UP ...... ............ 1179
32A*t Miscellaneous Phosphides ............ 1183

325* Cadmium Selenide CdSe .... ............ 1185

326 Zinc Selenide ZnSe .... ............ 1187

327*t Miscellaneous Selenides ............ 1192

328 Trichromium Vicides Cr 3Si .... ............ 1195

329 Molybdenum Disilicide MoSi 2 .... ............ 1198

330 Tantalum Silicide TaSh2 . . . .  . . . . . . . .. . . .  1202

331 Tungsten Disilicide WSi2 . . . .  . . . . . . . .. . . .  1205

332 Miscellaneous Silicides ............ 1208

333 Cadmium Sulfide CdS .... ............ 1221

334* Manganese Sulfide MnS .... ............ 1225

335* Plutonium Sulfide PuS .... ............ 1227

336 Uranium Sulfide US .... ............ 1229

337 Zinc Sulfide ZnS .... ............ 1232

338 Miscellaneous Sulfides ............ 1237

339 Cadmium Telluride CdTe ...... ............ 1243

340* Chrjmium Telluride CrTe ...... ............ 1248

341 Lead Telluride PbTe .... ............ 1250

342* Manganese Telluride MnTe .... ............ 1253

343 Mercury Telluride HgTe .... ............ 1256

344 Tin Telluride SnTe .... ............ 1260

345 Zinc Telluride ZnTe .... ............ 1265

346* Miscellaneous Tellurides and Mixtures .... ............ 1269

6. CERAMICS

347* Aluminum Oxide + EX1 Ceramics AI 2  - EXi .. ........ 1278

348* Barium Titanium Oxide Ceramic BaO. Ti 02. .. ........ 1280
349* Ceramag Ceramics ........ 1283

350 Pyroceram Ceramics ........ 1287

351* Miscellaneous Ceramics ...... 1291

7. CERMETS

352 Aluminum Oxide Aluminum A1 203 + Al .. ........ 1306

353 Aluminum Oxide Chromium - YXl  AI20, Cr + LX 1 ........ 1309

354 Beryllium Oxide Beryllium BeO + Be .. ........ 1313

* Nzmber marked with an asterisk indicates that recommended/provlsional/typical values are not reported

for this material; for others these values are reported in separate figure and table of the same number
followed by the letter R.

t No original-data figure given.
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7. CERMETS (continued)
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355* Hafnium Dioxide + Iron HfO2 + Fe ... .......... 1317

356 Titanium Carbide + Nickel + EXi  TiC + Ni + LX . .......... 1319

357 Tungsten Carbide + Cobalt WC + Co ... .......... 1322

358 Uranium Dioxide + Molybdenum U02 + Mo ... .......... 1326
359* Uranium Dioxide + Stainless Steel U0 2 + S.S... . ........... 1330

360 Zirconium Dioxide + Titanium ZrO2 + Ti ... .......... 1333

361 Zirconium Dioxide + Zirconium ZrO + Zr .. .......... 1337

362%t Miscellaneous Cermets .......... 1341

8. GLASSES

363* Arsenic-Selenium Glass As-Se .... ............ 1346

364* Barium Borate Glass BaO-B 2 S .... ............ 1349

365* Boric Oxide Glass B .  . . . .  . . . . . . . .. . . .  1352

366* Borosillcate Glass B20-SiO2 . . . .  . . . . . . . .. . . .  1355

367* Calcium Borate Glass CaO-BO . . . . .  . . . . . . . .. . . .  1358

368% Corning 0080 Glass ............ 1360

369*t Corning 1173 Glass ............ 1361

370* t  
Corning 7570 Glass ............ 1362

371*t Corning 9606 Glass ............ 1363
372* Jena Glass ............ 1364

373*t Lime Glass ............ 1366

374 Pyrex Glass ............ 1369
375* Sodium Borate Glass Na2O-B 2 03 . . . .  . . . . . . . .. . . .  1374

376* Sodium Silicate Glass Na2O-SiO . . . .  . . . . . . . . . . . .  1377

377* Strontium Borate Glass SrO-B2 03 . . . . . . .  . . . . . . . .. . . .  1380

9. POLYMERS

378*t Poly(Acetyl Triallyl Citrate) ........ ................... 1384

379t
"  

Polyacrylonitrile ........ ................... 1385

380* Poly(Acrylonitrfle-Butadiene) ........ ................... 1386

3 8 1*t Poly(Allyl Diglycol Carbonate) ........ ................... 1388

382*
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Poly( Allyl Methacrylate) ........ ................... 1389
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384
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388* Poly( Butyl Methacrylate) ........ ................... 1396
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"  
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* Number marked with an asterisk indicates that recommended/provisional/typical values are not reported
for this material; for others these values are reported in separate figure and table of the same number
followed by the letter R.

f No original-data figure given.
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9. POLYMERS (continued)
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391*t Cellulose Acetate... .... .............. .... .... .... ...... 1407
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393 Poly(Chloro Trifluaroethylene).....................1409
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402*t Polyethylene Glycol Dimethacrylate. . .. .. .............. 1435

43 Polytetraethylene, Glycol Dimetbacrylate... ................ 1436

404* Polyethylene Terephtbalate... ......... .... .... .... .... .... ...... 1437

45tCopoly( Ethylene-Propylene)...........................1440
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430* Nylon (Miscellaneous)............ .... .... .... .... .... .... 1498

431 Epoxy Resin..... ... .... .... .... .... .... .. .. ...... ... 1502

432*t Phenolic Resin.... .................. .... .... .... 1509

*Number marked with an asterisk indicates that recommended/provisional/typical valuea are not reported
for this material; for others theme values are reported in separate figure and table of the same number
followed by the letter R.

t No original-data figure given.
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440 Boron Fiber/Epoxy Resin Composite ...... ............... 1531
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443 Glass Fiber/Epoxy Resin Composite ..... ............... 1547
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448 Graphite Fiber/Carbon Composite ...... ............... 1576
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* Number marked with an asterisk indicates that recommended/provlsional/typical values are not reported
for this material; for others these values are reported in separate figure and table of the same number
followed by the letter R.

t No original-data figure given.
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Notation

A Amplitude of vibration k Boltzmann constant; Constant; Wave
a Lattice spacing; Constant number; Miller index
a, Empirical constants L Length
B, Adiabatic bulk modulus L29 3  Length at 293 K
B, Isothermal bulk modulus Li Length at TM
B 0  Isothermal bulk modulus at 0 K LR Length of reference material
Bc Isothermal bulk modulEs of corn- L, Length of specimen

posite I Miller index
Bd Isothermal bulk modulus of dispersed m Mass

material N Number of particles; Order of
B, Isothermal bulk modulus of ith interference

material n Number of vacancies; Index of ref rac-
Bin, Isothermal bulk modulus of matrix tion

material P Pressure
b Lattice spacing; Constant P, Static pressure
C Empirical constant; Capacitance Pth Thermal pressure
C, Heat capacity of ith mode p pth fringe
C' Heat capacity at constant pressure Q Constant
C. Heat capacity at constant volume R Gas constant; Radius of a circle
C29 3  Heat capacity at constant volume at S Entropy

293 K S Sound velocity of the ith branch
c Lattice spacing s Anharmonicity constant; Entropy of
Co, c1  Calibration constants formation; Distance between
i Elastic constant fringes
Di Thickness of ith material sq Elastic compliances
d Diameter; Separation of lattice T Temperature

planes TO Temperature at melting point
d, Diameter of pth fringe T. Mean temperat're
E Young's modulus t Time
E, Young's modulus of ith material V Volume
ED Internal energy 10 Volume at 0 K
E2 93  Internal energy at 293 K V2 93  Volume at 293 K
EM Internal energy at TM VM Volume at TM
F Free energy; Frequency v Fractional part of order of
Fh Free energy of thermal vibrations interference

f Focal length of lens Vd Volume fraction of dispersed material
GC Shear modulus of composite vi Volume fraction of ith material

Gm, Shear modulus of matrix material W Distance
g Acceleration of free fall W2 93  Weight at 293 K
H Enthalpy of formation wi Weight fraction of the ith component
h Planck's constant; Miller index X Height of liquid

la
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X293 Height of liquid at 293 K 9,, Mean coefficient of thermal
x Position of particle expansion
a Coefficient of linear thermal Coefficient of thermal expansion of

expansion; Angle between lattice glass sphere
spacings b and c Y Gruneisen parameter; Angle

a 2 93 Coefficient of linear thermal between lattice spacings a and b
expansion at 293 K YO Griineisen parameter at 0 K

ac Coefficient of linear thermal Y, Gruneisen parameter of ith mode or
expansion of composite ith branch

aD Coefficient of linear thermal expan- vi Gruneisen parameter tensor
sion of dilatometer 'M Griuneisen parameter at high

a, Instantaneous coefficient of linear temperatures
thermal expansion 9D Debye temperature

aM Mean coefficient of linear thermal 00 Debye temperature at 0 K
expansion from 0 K to TM e Angle of incident rays

aa Coefficient of linear thermal A Wavelength
expansion of lattice A. Wavelength in vacuum

ab Coefficient of linear thermal JA Poisson's ratio
expansion of bulk material A, Poisson's ratio of ith material

ad Coefficient of linear thermal Vo Frequency of oscillation of a particle
expansion of dispersed material VD Debye frequency

ai Coefficient of linear thermal VA Frequency of ith mode
expansion of ith material or compo- p Density
nent 0 Stress

a. Mean coefficient of linear thermal 7 Period of a pendulum
expansion P Potential

amt Coefficient of linear thermal O0 Potential energy of a lattice including
expansion of matrix material zero point energy

j5 Coefficient of thermal expansion; 0 Angle
Angle between lattice spacings a 01, 02, 43 Angles between crystallographic
and c translation vectors

,6293 Coefficient of thermal expansion at l Solid angle
293 K w Angle

, Coefficient of thermal expansion of Angle between direction of interest
composite and the principal crystallographic

,6o Coefficient of thermal expansion of axes
glass bulb

/$m Mean coefficient of thermal
expansion from 0 K to Tm

I I I I
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Theory of Thermal Expansion of Solids

1. INTRODUCTION For instance, a change in temperature of 10 deg will
cause a change in period of about 0.01% if the"From ghoulies and ghosties, and long leggety pendulum is made of brass. It is not surprising, there-

beasties and things that go bump in the night. Good fore, that some of the first quantitative measurementsLord deliver us" is an old Scottish prayer. Among the of thermal expansion were made in order to obtain
things that went "bump in the night" were certainly orearmaecso Tee meairemets were
coats of armor, structural members of buildings, etc., made by Petrus van Musschenbrock [1], a professor
as they cooled off. It is not difficult to visualize the of astronomy in Utrecht, around 1730. Professor
consternation of our forefathers when such items Musrock meUredhth trmal exaso of

suddnlyemitedstrage ouns. oder hoes lso Musschenbrock measured the thermal expansion of
suddenly emitted strange sounds. Modern homes also iron, steel, copper, brass, tin, and lead. He found that
creak and groan when changing thermal gradients lead expanded the most and iron the least. In his own
cause stresses due to unequal thermal expansions words, "Therefore it is very proper to make the RodsThe uses of thermal expansion in our daily lives are of Pendulums for Clocks, of Iron: They are not so
readily observable-mercuryi thermometers to indi- good of Steel; and much worse of Brass; yet some-
cate temperature, thermostats to control our heating times they are made of Copper, because it is not so
and cooling systems, and even the use of hot water to liable to rust; but yet, that is wrong."
"loosen" a stuck jar lid. On a hot summer day the The reverse situation, that of using the expansion
effect of thermal expansion would also be readily of solids to measure temperatures even above the
apparent if not allowed for by the design engineer. To boiling point of mercury, was described by J. F.
paraphrase a facetious comment that appeared in a Daniell in 1831 [21, and was intended for various
small book, Physics for Fools, published in Russia in industrial applications, including pottery and smelt-
1908: Bridges, railroad tracks, and concrete sections ing. Since then, a large amount of information on
of highways are always made shorter than they should thermal expansion has been obtained and with
be since bodies always expand when heated. Even so, advances in technology the quality of the information
after an unusually hot day, newspapers will have has improved. A great deal of this information, how-photographs of highways that have buckled and
drawbridges that have stuck. The importance to tech- ever, is worthless, or nearly so, because the material
nology of accurate knowledge of thermal expansion is was not sufficiently characterized and/or the experi-readily apparent when one considers the problems ment was not sufficiently documented. In particular,

readly pparnt hen ne onsiersthe robems accurate data on well-characterized materials are
associated with high-performance engines, atomic acuae dtan well-hatr mral arereacors rentr veicls ad te lkeneeded to understand the behavior of alloy and comn-re a c to rs , re e n try v e h ic le s a n d th e lik e .p o i e s s m . E v n o , w t n th p a t 2 y a r

One of the first scientific problems associated posite systems. Even so, within the past 20 years
with dimensional changes in solids caused by temper- increased our knowledge in areas such as lattice
ature fluctuations concerned the measurement of dynamics, electronic and magnetic interactions, ther-
time with pendulums. Although the period, ,* of a mal defects, and phase transitions.
pendulum is almost independent of the amplitude, it
does critically depend upon its length:

2. DEFINMONS
r = 2 -r 11g1 (1) When heat is added to a material so that there is a

change in temperature, T, - T2, there is a corres-
* See Notation, p. Ia, for meaning of symbols used in text. ponding change in volume, V,-- V2. To describe this

3a
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change the mean coefficient of volumetric thermal Ordinarily the coefficient of thermal expansion is
expansion of the material is defined by not measured directly, but it is either calculated

directly from consecutive observations of expansion
fil V_,- Vi (2) or by differentiating an equation that represents the

V (T 2- TI) expansion. Under certain conditions the instantane-
ous coefficient of linear thermal expansion will satis-

The limiting value of this ratio (at constant pressure factorily represent the true coefficient. The instan-
P) as the temperature changes by a differential taneous ,.oefficient of linear thermal expansion is
amount dT is defined as the true coefficient of vol- defined as
umetric thermal expansion, or just as the coefficient L 2 -Li
of thermal expansion, i.e., a,= at T. = (12)

L 29 3(T2- T) 2

(3) where L 29 3 is the length at 293 K. If the expansion
V\T(3p over a limited temperature range can be approxi-

mated by a polynomial,
The thermal expansion of the substance on heating
from T, toT 2 is often expressed as percent expansion, L-L293=ao+alT+a2T2+aT3+ ... (13)

L 2 9 3

100(V 2 - V') 100A V (4) then
V, V2 a 1 =ai+2a2T+a 3(4T.-T 2 T)+ - • • (14)

The corresponding definitions for the linear (or and
unidirectional) case are

L 2 -L (a) Lam = L(T 2-T 1 ) (5) From these equations it can be shown that

a - a =- a 3-(AT)2- - - - (16)
L T(6) L 1- 1

and If L 293  L and AT-*0, then a =a,. If the expansion
can be represented by a quadratic, a, = 0 when i > 2

or (7) in Eq. (13), large temperature intervals can be used.
L L The coefficients needed to describe the expan-

sion of crystals with different symmetries [3 are
where L represents the length. If the expansion is shon inshw nTable I. The principal coefficients (a1 , a2,
determined from measurements of density, p, then an in dcbe The ouechan ofith c al wit: and a 3) describe the volume change of the crystal with

P, P (-P2 (8) # =ta+a 2 + a 3  (17)
pA(T2 - TI) These coefficients apply to orthogonal directions, but

and not necessarily those of the crystallographic transla-
I (9) tion vectors. The remaining coefficients (a 4, a 5, and

Table 1. "themal ExtMondle Coedlliuts for Variou Crystal
If the substance is isotropic the coefficient of thermal Symmetres
expansion is equal to three times the coefficient of
linear thermal expansion; i.e., Cubic at a, a1  0 0 0

Hexagonal a, a, a3 0 0 0
f3=3a (10) Tetragonal a1  aI a1  0 0 0

Trigonal a I a I a1Q 0 0 0
The same is not strictly true, however, for the mean Orthorhombic a a2  a 0 0 0
coefficients, where Monoclinic at a2 al 0 a, 0

Triclinic at a2  a1  a4  as a,B, -3a,.[I + (T2 - TI)a,.] (I1
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a 6) describe the change in shape (but not the sym- the vibrations must be assumed to be anharmonic in

metry) of the crystal. For example, a monoclinic order to account for thermal expansion.
crystal will change shape during a temperature This can be understood qualitatively by con-

change even if cut in the crystallographic reference sidering the vibrations of a single particle in the

system, but the interaxial angles 01 and 463, which are asymmetric potential well
restricted to 900 by the symmetry, will not change. , = ICx

2 
_ (20)

The expansivity of a single crystal in a given 
2 -3s(20

direction is given by An approximate solution of the nonlinear equation of

3 motion
a= a cos 2 W, (18) d~x (21)M _ m + C'x-_sCx2 = 0 (21)

where wo are the angles between the direction in +10

question and the principal crystallographic axes. For can be shown [4] to be

hexagonal, tetragonal, and trigonal symmetries this A(Co sA C sA 2

relationship reduces to x= _csot--cos 2,o +- (22)

a=al+(a3-- az)COS2 O3 (19) where A is the amplitude of the motion. Since

An example of the coefficients for a hexagonal crystal (cos Pot = (cos 2vot) = 0. the time-average position

is given in Fig. 1, which shows the relationship of the particle is

between a,, a 3, and a for ZnO. (x) (23)
2

A shift of the average position that is proportional to

3. POTENTIAL WELL-A SIMPLE MODEL the anharmonicity constant s has therefore occurred

A three-dimensional array of atoms which are toward the softer side of the potential well (see Fig.
free to vibrate about their equilibrium positions is a 2). According to classical theory, A 2 is proportional
reasonable model for a solid substance. The heat to temperature so that the value of (x) can represent
capacity of this model can be calculated by assuming the thermal expansion of the system and the coeffi-
that the vibrations are harmonic and their energies cient of thermal expansion is a constant that is pro-
are quantized. While these assumptions are very suc- portional to s. In the case of a harmonic potential

cessful in calculating the heat capacity of real solids, where s = 0, the average position of the particle does

ZINC OXIDE
6.0

to 4.0

I.

2

. 2.0

0CI

Fig. 1. Thermal expansion -2.0 I I I 1 I
coefficients for ZnO illustrating 0 50 100 150 200 250 300 350

anisotropy. TEMPERATURE, K
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not shift and there is no corresponding thermal capacity at constant volume,
expansion. 3N

G C, (25)
4. DERIVATION OF THE GRUNEISEN

RELATION The quantity 'y is a measure of the volume

In the quasi-harmonic approximation the effect dependence of the frequency of the vibrational mode,

of anharmonic interactions is simulated by treating V divi d In v,
the vibrations as harmonic but with frequencies that -_ = - (26)
are volume-dependent [5]. Applying statistical vi dV dIn V

mechanics to this model it can be shown that and hence indicates the effect of the anharmonic

a2F I 'N interactions. If we define
=_- I y1 C, (24) 3NWT vi-' 3

where F is the free energy of the system and C is the I _i27

ctb= (27)contribution of the vibrational mode to the heat = ,
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then By differentiating Eq. (34) it can be shown with the

a2F 2C8 help of Eq. (26) that

(28 aOD = ODV (35)
Since it can also be shown from thermodynamics that a V V

a
2F It follows that in this model y is also a function of
- = -Bn6 (29) volume only. Since it can also be shown fromVaT Fthermodynamics that

where Br is the isothermal bulk modulus, the aFh 1 a(FlhIT) ED
Griineisen relation can be obtained: aD 0OD a(1/T) O (36)

19 = YC (30) where ED is the Debye energy of the lattice vibra-

VBT tions, the Debye equation of state can be obtained:

where -y is known as the Grineisen parameter. aqD 0  aFL, \ta,-,\ a4D yEo,
Since both y and the product of V and BT are P --- -n-- *--+- (37)

weak functions of temperature, the value of 3 is aV a0D aVI aV V

nearly proportional to C, at all temperatures; that is, Griineisen's relation can be obtained by differentiat-
at high temperatures 13 is nearly a constant and at low ing P with respect to temperature at constant volume:
temperatures, where the atoms must be treated as aP' C
quantum oscillators, 13 -- 0 as T- 0 K. ( =-) = (38)

=-V

S. DEBYE EQUATION OF STATE If the pressure is set equal to zero in Eq. (37).
V(Oo/a V) is expanded in a Taylor series in volume.

For many models of a solid one can divide the and the constants of the series evaluated at zero
free energy F into two parts: (o, the effective free Kelvin, the Griineisen equation can be obtained f7]:
energy of the static lattice, including the zero point
energy, and Fth, the contribution of lattice thermal VT- V0  E,,
excitations. One can then define the thermal pressure Vo Q - kE(
in a solid to be where

WF O = -V.B(,(40)
( lh) (31)Ph -\" f)/

has a value that is large when compared to Eo. The
and the static pressure to be constant k is best determined by experiment but can

be related to the potential energy function.
Pt = - (32)

V 6. GRUNEISEN PARAMETER

The total pressure is equal to the sum of these As indicated in Section 4, the Gruneisen

quantities: parameter, y, is a weighted average of the -y,, the

_o-~ 8) weight for each vibrational mode being its contribu-

-v V (33) tion to the heat capacity. In the Debye model y is a
function of volume only:

In Debye's [6] model of a crystal the effect of V a0,
anharmonic interactions can be expressed as a change 'Y= -_ (41)
of all lattice frequencies vi, of the Debye frequency - a V

PD, and of the characteristic temperature In a broader sense y is also a function of temperature,
and without assuming that the lattice vibrations are

OD = h (34) harmonic it can be defined byk

'V, 71 =- V I s (42)proportionally to the same function of volume only. C, V-T
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where S is the entropy of the system. By using the The result is that the coefficient of thermal expansion
Grineisen relation, y(V, T) can be expressed as is also negative and the material will contract on

VB 7f3 VB,0 heating. This can be explained by a simple model in
y(V, T)= = (43) which, as the temperature is increased, the average

C Cp distance between the atoms in a specific direction is

where B, is the adiabatic bulk modulus and Cp is the increased by their vibration in that direction
heat capacity at constant pressure. At temperatures (longitudinal) but is decreased to a greater extent by
higher than the Debye characteristic temperature OD their vibrations perpendicular to that direction
the value of - is nearly constant, since the whole (transverse).
spectrum of vibrational frequencies is excited and Y. For solids which have noncubic symmetry, one
is merely the arithmetic average of the yi can define six macroscopic quantities y, components

of the Griineisen tensor, through a generalized1 3N

Y.=- E It (44) Grineisen relation

In the low-temperature limit the Debye continuum is a V 6 - i = 1,2,3 (46)

a valid mode', and again V will approach a constantvalue, where sij are the elastic compliances [9]. This equa-va dO tion gives a linear relation between components of
VYo - (45) the expansion tensor and the heat capacity. The

On dV coefficient of thermal expansion is the trace of the

where 00 is the limiting value of OD at low tempera- expansion tensor:

tures. G
If the weightings of yV change with temperature (47)

the result can be a large variation of y with tempera-
ture, sometimes leading to negative values. This can Where sj (j = 4, 5, 6) = 0, as in cubic, hexagonal,

happen in open-structure crystals, such as silicon orthorhombic, and some tetragonal crystals, a single

between 18 and 120 K [81 (see Fig. 3), when the value of y can be determined by
transverse modes, which can have negative yi, out- 3 /3
weigh the longitudinal modes, which have positive y. V = s,,yV/Y S,1  (48)

4.0 -
-
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!~2.0

.I-
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tU .0

0

0.0

-,.0 I Fig. 3. Thermal expansion0 50 I00 150 200 250 300 380 coefficients for silicon illustrat-

TEMPERATURE, K ing negative values.
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For hexagonal crystals (see Table I). Thus, for high temperatures

a,=-f [(s, +S12)*Yl+s3y31 (49) Y=-Ey' 1 IydO (57)V 3N i 127T~

C and for low temperaturesa,; = -[2sj.,/1 + S331131 (50)

f JvS7 -'d f1 YJVC 3/2 dfl
3=B--2(sl+SI 2 +I 3 )l+(2, 3 +S3 3)y3 ] (51) YO=  3 (58)

Ys7 df X dfl
and I

2 (s + sj2+ st)yj+ (2s 3+s23)Y3 where fl is the solid angle within the Debye sphere.
= 2sI+S3.3+2s12 +4s# (52) These integrations are usually accomplished by

-+ +numerical techniques on a computer. It can be seen

In the case of rutile at room temperatures, values from Eq. (56) that when the pressure derivative of an
of yj and 3 of 1.46 and 2.08, respectively, are elastic constant is sufficiently small or negative, the
obtained using Eqs. (49) and (50) and the data corresponding yv will be negative. If this y, also
given in Table II. Since P, yj, and s, are rela- corresponds to a dominant mode (such as the shear or
tively temperature-insensitive, the temperature transverse mode at low temperatures) it then can
dependence of a, is mainly controlled by the C, cause the weighted average to be small or negative,
factor. with a resulting small or negative coefficient of ther-

In 1958 Sheard [101 applied an anisotropic con- mal expansion.
tinuum model to calculate the Griineisen parameters
at low and high temperatures from the pressure 7. SOME SEMIEMPIRICAL RELATIONSHIPS
dependence of the elastic constants. Assuming that at
long wavelengths for each of the three acoustic In Section 4 it was pointed out that the changes
branches in cubic crystals, of expansivity and heat capacity with temperature are

pS2 = c, (53) similar and because they are both determined asderivatives of experimental data, mathematical
(Si is the velocity of sound and c, is the elastic techniques that are used in the computation and
constant) and analysis of heat capacity are useful in the computation

v, = kS, (54) and analysis of expansivity.
The fact that there is a relationship between/3

where the application of cyclic boundary conditions and the melting temperature, TM, for crystalline
requires that materials has been known since at least 1879 [11].

For example, the total expansion of the face-centered
, . . cubic alkali halides on heating from 0 K to TA is

(k is the wave number and L is the length of the VM- V.
crystal), it can be shown that 'o-0.145 (59)1K)

V dv, I BT dS, BT dc, 1= - + - - = -- - - (56) This observation leads to the conclusion that thev, dV 3 S, dP 2c, dP 6 mean coefficient is inversely proportional to the melt-
ing temperature since

Table I. Selected Properties of Rutile at Room Temperature V T

a,=7.18x10_6
K ' Vti, d=M d Mt (0a,=9.21×10 6K )

C, '56.53Jmol ' K where OM is the mean coefficient of thermal
V= 18.91 cm'ro! expansion from 0 K to Tx. The corresponding rela-=6.79 x 10 "cm

2 N' xaso rm0Kt h orsodn ea
s,, = -4.02 x 10 "cm Ne' tionship for linear expansion is

-,,=-0.80 10 cm
2 N L, - Lo

s1 1=2.59x 10 em' N' L = Tama 0.046 (61)
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A slightly more useful empirical equation for Since kE 293<< 0 for most crystalline engineering
these alkali halides is materials the contraction from 293 to 0 K can be

T Mestimated from
Ta(-) 0.047 (62) Vo E(OD293) (66)

where a(T.4 /2) is the coefficient of linear thermal - C( /293)

expansion at half the melting temperature. However, or
a rule of thumb for crystalline engineering materials L293 - L E(/293)(67)
with melting temperatures above 2500 K is that these L, C(oD/293)-"
materials will expand about 3% on heating from where E(OD/29 3 ) and C(0o/293) are the values for
room temperature to their melting temperature (see energy and heat capacity at 293 K as calculated from
Fig. 4) providing no phase change occurs. Notable the. Debye equations [5]. The use of Eq. (67) is
exceptions to this rule include A120 3 (-1.9%) and illustrated in Table III for a number of materials
MgO (-4%). where OD varies by a factor of three.

A useful relationship for estimating the contrac- There is a relationship between index of refrac-
tion from room temperature to zero Kelvin can be tion and thermal expansion coefficient for transmit-
based on the Griineisen equation. From Eq. (39) and ting materials [ 12]. This is illustrated in Fig. 5 which is
its derivative we find that a plot of refractive index n at 1 A±m and thermal

V293 - Vo E 2 93  expansion coefficient at 293 K for the alkali halides.

/0 0 - kE293  (63) From this plot an empirical relation

and a = -20.48 X 10-6 + 38.83n (68)

OC293 is obtained.
16293 = kE293)2 (64) The thermal expansion of a multioxide glass canbe estimated by assuming that the coefficient of ther-

Dividing Eq. (63) by Eq. (64), we get mal expansion is an additive property. Around room

V293 - Vo E293(Q - kE 293) temperature the coefficient is calculated by means of

Vo2932 (65) a = a,wi (69)

3 6 I I ' 1 I ' I '
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Table IlL Covarbm of Expe i aental a Calculated Trhmal Expanion Values between 0 ad 293 K

(Experimental)
E(O/293) E(OD/2 9 3) L293 - Lo

OD C( 0
D/

293
) a293  C.(0D/293)_'9 3  L, % Difference*

A120 3  1043 K 113 K 5.2x 10- 6 K' 0.00061 0.00057 3
MgO 946 120 10.4 0.00126 0.00141 I1
SiO 2  470 174 11.5 0.00179 0.00200 0
CaF 2  510 167 18.4 0.00317 0.00321 5
NaCI 321 201 39.7 0.00804 0.00776 3

.Exp- Calc x 100.
Exp

where every a, is a constant for each oxide con-
Table IV. Calculated Values of the Coedkint of Thermal stituent, and wi is the percentage by weight of the ith

Expansion of Muktloxile Glasses oxide. The values of the constant multiplying factors

for most of the glass-forming oxides have been
Glass A Glass B determined [131. An example of the use of Eq. (69) is

Oxide a, w, a, w, a, given in Table IV for two similar glasses. While not
exact, this assumption is very useful in determining

SiO 2  0.005 45.6 0.23xl0 rK' 41.2 0.21x10 6 K -1  the effect of compositional changes.
PbO 0.106 45.5 4.82 51.1 5.42
K20 0.340 5.7 1.94 6.5 2.21
Na20 0.432 2.7 1.17 0.7 0.30 8. PHASE TRANSFORMATIONS,

- - IMPERFECTIONS, AND POINT
Calculated a 8.16 8.14 DEFECTS
Experimental a 8.4 8.3

First-order transformations in single-phase sys-
tems are characterized by a discontinuous change in

54 a LI Halides
X Na Halides

to + K Halides
A Rb Halides

50 a C Halides
I- S
Z e

46
IA.
Iii
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T 34
- K

Fig. 5. Thermal expansion co- 30/- I I I I I I
efficient vs refractive index for 1.3 14 [5 I6 I? I s 19 2.0

alkali halides. REFRACTIVE INDEX, ft
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volume at constant temperature and pressure. This significantly affect the expansion since the hole will
type of transformation, in which a discontinuous expand an equal amount. This will not be true, how-
reconstruction of the lattice occurs, includes the ever, if the number of voids changes with tempera-
change from one crystal structure to another, as in ture. For example, when a material is heated to
SiO 2 at 846 K, where the change is between two temperatures close to its melting point a significant
forms of hexagonal structure (see Fig. 6). The change number of thermal vacancies, n, are generated,
in volume may be large or very small and positive or -H/kT
negative. In multiphase systems the transition may n Nes/ke (70)

extend over an appreciable temperature range and where s is the entropy of formation and H is the
occur at generally higher temperatures on heating enthalpy of formation per vacancy. If the vacancy is
than on cooling, formed by an atom moving from a lattice site in the

Second-order transformations are generally interior to a lattice site on the surface (a Schottky
characterized by the disappearance of ordered struc- defect) the density of the crystal will decrease. Since
tures, with the result that a discontinuous or abrupt the dimensions of the crystal lattice at low vacancy
change occurs in the coefficient of thermal expansion concentrations will not be significantly changed, the
at constant temperature and pressure (see Fig. 7). The increase in the vacancy concentration on heating
change in the coefficient may be large or very small from some sufficiently low temperature can be deter-
and positive or negative. The ordered structures may mined as
consist of electric or magnetic moments as in fer- n 3(AL Aa (71)
roelectric or ferromagnetic materials, or of crystals in N \ L a
the crystalline-glass transition. In polymers the temp-
erature at which translational motion of the molecu- where a is the lattice parameter as measured with x
lar chains ceases is called the glass transition tempera- rays [151. It follows that
ture. Below this temperature, however, rotation in nH
chain groups may still occur, which leads to additional ab -a = 3NT 2  (72)
second-order transitions. The glass transformation in
neoprene rubber is shown in Fig. 8 using the data of where ab is the expansivity of the bulk and a. is the
Weitzel etal. [14]. expansivity of the lattice. In the case of KCI at the

In general the presence of voids in a solid will not melting point ab -a, =6.3 x 1O-' K-'.

'+ I I ' I ' I ' I ' I
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decrease with increasing pressure. The followingequ- where D, and D, are the thicknesses of the metal
ation, which can be derived 1161 from the Murnaghan strips. The expansivity of a symmetrical laminate
equation of state, is very useful for estimating the (sandwich) composite in the direction parallel to the
coefficient of thermal expansion at high pressures: layers [201 is

((, T)= BTO, T)(8(0, T) (74) V a,ED,/V ED, (79)
P(aBTR(O T)/1aP)r+BT(0, T) I I -A,

The effect of uniaxial stress, o', on the linear expansiv- The expansivity of a composite in which the
ity of a solid 1171 is given by thermal shear stresses are low, such as some alloys, is

a( i(E (75) given by Turner's formula [211

where E is Young's modulus (the tensile stress is a,-- aiBiv,/ Biv, (80)
taken as negative). In terms of the bulk modulus and

Poisson's ratio, I. the effect of stress is given by According to Kerner [22], a composite made with
i(a\ 1 [I (aBT packed grains, none of which is continuous, will

I 3B(1-2A) BTra-7. expand according to

(76 atz =4G+ 3). av, (1

(1-2.)\ r),,] (76) a - Be-L, (4G,./BA+3

(where G, is the shear modulus of the composite),
10. THERMAL EXPANSION OF while a composite composed of a matrix of one phase

COMPOSITES AND MIXTURES in which another phase is dispersed will expand

When thermal stresses arise in solids because of according to

differences between the expansion of neighboring a, amt + (ad -amt)Vd (82)
grains or substructures the expansion of the compo- 12BmGm, rVd 1 - I'l
site will be a function of the expansivity and the elastic 3Brt +4Gm, 3Bt 4G., 3Bd -

properties of the individual grains or substructures. In
general, the thermal behavior of a composite is a A polycrystalline specimen of an element or a

complex function of the thermal and elastic proper- compound that is anisotropic can also be considered
ties of the components but can be predicted by the use as a composite material. In this case

of a discrete element method of analysis with the aid # aI+a2+a3 (83)
of a computer [18]. Many simplified relationships
have been derived, however, and some of these are However, for crystals with hexagonal symmetry,
cited here. where Young's modulus E depends on the angle w.,

In composites where the elastic properties of the with respect to the principal crystallographic axes [31,

components are nearly equal and in mixtures where the expansivity can be approximated by
thermal stresses do not arise, such as in loose pow- j aE sin o dwa(
ders, the expansivity of the material can be calculated a, = E sin w3 dwo (84)

with the simple rule of mixtures.

a, = a,v, (77) All of the approximations for the expansivity of
composites depend upon the following assumptions:

where v, is the volume fraction of the ith component. (1) no voids; (2) no cracking or sintering during a
An initially straight two-layerd composite strip temperature cycle; (3) the thermal strain does not

will bend and form an arc of a circle when subjected to exceed the elastic limit; and (4) no chemical reaction
a temperature change AT [19). The radius of the between phases.
circle is given by

R =11. STRUCTURAL ASPECTS IN CERAMICS
6Aa AT(D, +D)DD 2EIE 2  AND GLASSES

x [3(D3 + D2)DiD:EiE 2  In general, there does not seem to be a good

+(DIE, +D 2 E2)(D1E, +D2E 2 )] correlation between crystal structure and thermal
(78) expansion. For instance, the various compounds that
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have a corundum-type structure as well as those that 0.60

have a ru ile-type structure do not have similar 
T
,

expansivities. There are a few cases, however, where 09 69 X 104/°c
there does seem to be a correlation. These occur in .55T

the spinel family (MgAI 20 4, MgCr 20 4, FeCr2O 4,
etc,) and in the group BeAl2O 4, A120 3, and BeO
where the oxygen atoms are close packed and the unit U; 0 o
dimensions are similar. A close similarity has also
been found between the various forms of SiO 2 and o 203

AIPO4. >
Materials that form glasses usually have a crys-

talline form characterized by an open structure and a
high viscosity melt. A random structure characteristic 39x1o/C _ _of the melt can, therefore, be frozen in by rapid 041- I 300 4 50000 200 300 400 500

cooling. Glasses are said to be in metastable equilib- TEMPERATURE, C

rium relative to the crystalline form. In the range Fig. 10. Volume-temperature diagram for B.(),.

between the melting temperature and the glass transi-
tion temperature, T, the atomic configuration pos-
sesses a degree of randomness which is temperature- carry its low volume structure to temperatures above
dependent. Because the viscosity is changing very T.
rapidly in this range, it is possible to freeze in different It is expected that a glass characterized by differ-
configurations (different specific volumes) by varying ent densities would have different expansivities. Rit-
the rate of cooling or by quenching from different land [241 has found this to be the case for borosilicate
temperatures within that range. glasses, as indicated in Fig. 9, and Brueckner [25] has

Figure 9 indicates the sort of results that are found the same behavior in vitreous silica. Ritland
obtained with borosilicate glass (23]. On fast cooling also pointed out that there is a difference between the
from above T a high volume structure is obtained expansivity of a glass that has been quenched and that
and on very slow cooling a low volume structure is of the same glass that has been slowly cooled, even
obtained. On slow heating of the quenched glass it though the same specific volume had been obtained.
will expand normally to a temperature near T, but In the B 20 3 system (see Fig. 10) the relationship
then its volume will decrease toward that of the fine between the crystalline and glassy states is more or
annealed glass before again expanding. On the other less normal with the glass having the largest expansiv-
hand, the rapid heating of the fine annealed glass will ity. The situation for SiO 2 is not so clear, however,
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Fig. 9. Volume-temperature diagram for a horosilicate glass. Fig. II. Volume-temperature diagram for Si0 2.
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because of the 22 crystalline phases that can form. It phase(see Fig. 11). Silica is, therefore, normal in that
is of interest, however, that all of the stable high- the glassy and crystalline states of the same configura-
temperature phases have near-zero expansivity and tion have about the same expansivity. It is, of course,
that when silica glass is heated to a high enough the near-zero expansivity of vitreous silica that makes
temperature it will crystallize in the cristobalite it so useful.



Methods for the Measurement of the Thermal
Expansion of Solids

1. INTRODUCTION sion of a reference material that separated the optical

Many different methods and variations of flats in his interferometer (a very difficult measure-
methods for measuring the thermal expansion of ment for him to make), he routinely measured the
solids have been developed, especially during the past expansion of specimens relative to that material.
fift so s va e ty ben d eod esel durig tpast Reimerdes [30] in 1896 followed by Scheel [311 in

*fifty years. A variety of methods are useful for many 1902 was among the first to use interferometry to

different reasons. For instance: (1) high accuracy and measre the firsio u inte tr o

sensitivity are necessary for measurements at temper- mese.

atures approaching absolute zero where the coeffi- sense.

cient of thermal expansion is very small; (2) at moder- In 1927, Becker [321 successfully used x-rays to
ate temperatures an industrial application may call measure thermal expansion. This was particularly
for automation and fast response; or (3) a knowledge important because it became possible to directly

of the lattice spacings is needed to understand the measure the expansion of anisotropic crystals and to

behavior of an anisotropic material. The choice of study high-temperature phases. In 1960, White [331

method may also depend upon the material to be used a highly sensitive capacitance technique at low
measured, the amount of material available, the temperatures to precisely measure thermal expan-temperature range of the measurement, and the type sion. Developments are continuing on methods of
temperatre rneofie. mmeasuring thermal expansion with the application of
of infui mation required. modern technology. Examples are the use of

Broadly speaking, all methods for measuring sider s [34nto obain setivti s of

thermal expansion may be divided into two classes: stabilized lasers [34 to obtain sensitivities of 10 - 9 in

(1) relative methods in which the expansion of the expansion measurements and the use of computer-
material being investigated is measured relative to controlled data acquisition systems to measure a
the expansion of another material; and (2) absolute specimen during a rapid temperature change [35].
methods in which the expansion of the material being In the sections that follow, the major methods

investigated is measured directly. are briefly described. For finer details of experimental

Among early measurements of expansion were design and technique, the reader is referred to the

those of Musschenbrock [1 I in the 18th century. In his references given for the individual methods.

apparatus the expansion of a horizontally mounted
specimen (about 15 cm in length) was magnified by a 2. PUSH-ROb DILATOMETERS
simple gear train. Heat was provided by 1, 2, 3, 4, or 5 The push-rod dilatometer method for measuring
candles placed beneath the specimen. In 1805, thermal expansion is experimentally simple (see Fig.
Lavoisier and Laplace [261 used an optical lever for thelal and esy taomate (see Wig.
magnification in an improved version of Musschen- 12), reliable, and easy to automate [36]. With this
brock's apparatus. Ramsden [261 in 1785 used a method, the expansion of the specimen is transferred
variation of the twin-telemicroscope (comparator) out of the heated zone to an extensometer by means

of rods (or tubes) of some stable material. The expan-
technique to measure thermal expansion. This so fteseie sgvnb
technique was further developed by Callendar [27] in sion of the specimen is given by
1887 and by Holborn and Day [281 in 1900. AL (AL).(5
Although Fizeau [291 measured the absolute expan- L 29 3 = E 29 3 +C5

17m
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EXTENSOMETER SAMPLE

REFERENCE ROD
FURNACE WALL

PUSH ROD

E,,___PIVOT PLATE

-- USH ROD

SAMPLE

BASE PLATE
EXTENSOMETER

Fig. 13. Schematic diagram for Baudran dilatometer.

One of the most common sources of error in
using dilatometers is the measurement of tempera-
ture. All too often the temperature that is measured is
not the temperature of the specimen. This is espe-
cially true in measurements made while the tempera-
ture is changing. If a thermocouple is used, care must
be taken to ensure that its junction and the specimen

FURNACE WALL are the same temperature; they can be at different

temperatures even if in contact with each other.
Fig. 12. Schematic diagram of push-rod dilatometer. Another common source of error, especially for

where (AL). is the apparent change in length as flexible materials or materials near their softening
calculated from the difference between the exten- temperature, is deformation under the load of the

someter readings at two different temperatures, and push rod. Special techniques such as increasing sam-

Co and c, are calibration constants for the system. If pie diameter, reducing push rod pressure, and using

the reference rod is made the same length as the push horizontal mounts must be used for these soft
rod and a second specimen placed on the base plate, materials.

the dilatometer will measure the difference between Not only should the extensometer and ther-
the specimens [371. The difference, or differential mometer be very carefully calibrated but care should
expansion, is given by be taken to avoid any drift in the calibration. If the

calibrations are accurate, the value of co in Eq. (85) is
(AL) 2 (AL) = (AL). + , (86) equal to 1. If the push rod and the reference rod in the
L 29 3  L2 9 3  L29 3  usual type of dilatometer expand exactly the same, cI

is the expansion of that part of the reference rod that
When used this way the dilatometer can have a very is equal in length to the specimen. In the differential
high sensitivity. This technique is also very useful for or Baudran dilatometer c, should be equal to zero. In
quality control measurements and for studying phase normal usage, however, co and c, will be found to
transitions. vary from their ideal values. A single reference

In the Baudran [381 or scissors dilatometer, the material of known expansion can be used to deter-
expansion of a specimen is sensed by rods that penet- mine the value of ci, or two or more reference
rate the hot zone in a direction perpendicular to the materials can be used to determine the values of both
specimen axis instead of in line with it (see Fig. 13). co and ci [391. It can be shown that the latter method
Because the expansion of the rods does not add to the is better except when the expansion of a reference
expansion of the specimen, the measurement is abso- material is within two percent of that of the test
lute. material.
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When used at temperatures below 1200 K 1200 K the gauge length is best defined by knife edges
dilatometers are usually made of vitreous silica [401. machined into the specimen in such a way that they
For use at higher temperatures they are made of will form sharp images [51]. Both knife edges should
alumina [411 silicon carbide (421, tantalum [43], and face the same direction (see Fig. 14), so that vaporiza-
other refractory materials. Linear variable differen- tion or changes in lighting conditions will not affect
tial transformers [361 are most frequently used for the measurements. Small clean holes drilled through
measuring expansion, but many other types of exten- a thin section of the specimen are also satisfactory
someters have been used. These include dial gauges [521.
[401, optical levers [44], microscopes [451, optical The furnace windows may cause significant
gratings [46), interferometers [47], and micrometers errors in length measurements if both surfaces are not
[481. flat. An argon atmosphere is sometimes necessary to

keep the windows clean, especially if an optical
3. TWIN-TELEMICROSCOPE METHOD pyrometer is used to measure temperature. When an

atmosphere is used, however, care must be taken to
The twin-telemicroscope method is most useful avoid sight paths that pass through nonperpendicular

for measuring the absolute expansion of large speci- temperature gradients [52]. Each microscope should
mens at high temperatures. The best results with this be separately calibrated and positioned on the sup-
method are obtained when the two microscopes are porting bar so that its plane of focus coincides with
rigidly mounted to a bar of low-expansion material that of the other. Because of the large sample ize, an
and the length change measured with filar microme- effort should be made to provide either a suffic,-ntlv
ter eyepieces [491. Telemicroscopes (microscopes large constant temperature zone or a zone wit'i a
with a relay lens) are needed because of the large known temperature gradient 1531.
working distance imposed by the furnace (over
15 cm) and the necessity for a magnification of at least 4. INTERFEROMETERS
500x to obtain measurements with a sensitivity of
I jum. In the temperature range below 1200 K fidu- These methods are based on the interference of
cial marks may be cut into or indented into flat monochromic light reflected from two surfaces [541
surfaces machined on the specimen [501. Above that are separated by a specimen or by the combina-

LOW-EXPANSION BAR
SPECIMEN SPECIMEN

WINDOWS KNIFE EDGE

0 U

Fig. 14. Schematic diagram for telemicroscope method.
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tion of a specimen and a reference material. The where d, is the diameter of the pth fringe (counted
general condition for interference is from the center of the concentric pattern) and f is the

focal length of the lens that forms the pattern. If
2nL cos 6 = NA, (87) measurements are made on the second and fourth

where n is the index of refraction of the atmosphere fringes, the fractional part is
between the surfaces, L the distance between the two 3d-2 (92)
surfaces, 0 the angle between the direction of the v = d4-d2
incident rays and the normal to the surfaces, N the d2 -

order of interference, and A. the wavelength of the The number of fringes that move past a reference
light in vacuum. Monochromatic light sources that point during the expansion of a specimen can be
may be used include cadmium, helium, mercury, and counted by eye or automatically by photographic [591
sodium low-pressure discharge lamps [55] and a or photoelectric 160] techniques. Another way of
stabilized He-Ne laser f56]. determining AN is by finding the value of N at each

If slightly inclined surfaces are illuminated with temperature. This can be done by using at least three
collimated light and viewed at normal incidence (0 = different wavelengths [551. From Eq. (87) it can be
0 for all rays), then fringes of equal inclination are seen that
observed. When the surfaces are flat the fringes will
be straight; otherwise they are determined by the (NI + vl)A 1 = (N2 + V2)A2 = (N3 + v:,)A.1 (93)

contour of the surfaces. This type of interference is where NI, N2, and N are the fringe integers and vi,
used in the Fizeau interferometer [571. If plane- v 2, and v3 are the fringe fractions for each of the three
parallel surfaces are illuminated with an extended wavelengths. In the method of exact fractions a value
source (0 will vary), then fringes of equal inclination is guessed for N, (-2nL/A 1) and using the measured
are observed. This type of interference (concentric value of v I the values of (N2 + v2) and (N. + v3) are
rings)is used in the Fabry-Perot interferometer [581. calculated. This procedure is repeated with different

When an interferometer is used to measure ther- values of N1 until the calculated values of v 2 and v3
mal expansion, the expansion of the specimen is given agree with their measured values. If N is known, then
by AL AN An

AL= A, AN An (88) L N n
L 2nL cos 0 n The Fizeau interferometer can be used to meas-

where AN is the number of fringes that pass a fiducial ure either the absolute or relative expansion of a
mark and An is the change of refractive index. A specimen. In the relative method a pedestal of one
useful approximation for the refractive index is material fills most of the space within a ring or cylin-

der of a second material (see Fig. 15). The pedestal isT,P (9
n = 1 + (n,- 1)-L (89)

P,T OPTICALLY FLAT

where n, is the index at the reference temperature T,
and the reference pressure P,. In vacuum or in a
sufficiently low-pressure atmosphere PEDESTAL

( REFERENCE

AL A, AN MARIAL)

L 2Lcos (90)POR
RING

In a Fizeau interferometer (straight fringes) the
fractional part of AN is easily determined from meas-
urements of the position of the fiducial mark between SPECIMENS

two fringes. In a Fabry-Perot interferometer (circular
fringes) the fractional part, v, is given by BASE

PLATE

v= 1-p+ nLd (91) Fig. 15. Schematic diagram for Fizeau inerferomelcr. rclativc
f A, method.
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preferably made of a reference material. While the gives the condition for constructive reflection of the
ring supports the optical flat, the interference is incident radiation. Here d is the separation of the
formed by reflections from the optical flat and the top lattice planes, h, k, and 1 are the Miller indices for the
surface of the pedestal. Since the reflecting surfaces planes, and 0 is the angle measured between the
are close together this method has three advantages: direction of the incident or reflected beam and the
(1) the frivw-s are bright and well defined; (2) the planes. Except for a small correction due to refrac-
change. '. the refractive index of the gas within the tion, the measurement of expansion is independent of
sma!i space does not affect the measurements; and (3) wavelength:
'onger specimens can be used with a corresponding Ad(hkl) sin 01 -sin 02
increase in sensitivity. The thermal expansion is given - =-cot 0 AO = (98)
by d(hki) sin 02

AL , =A.AN+L (AL L L AThe relationship between the separation of lat-
(L)\ 2 N LL + (95) tice planes and the symmetry of the crystal lattice isL 2 , L,VR L, n given by

where the subscripts refer to the specimen and refer- d2 = [1 -cos 2 a -cos 2 /13 -cos 2

ence materials. When LR - L, the last term can be
ignored. +2cosa cosp3 cosy] h 2 sin 2 a

If one or all three of the separators in a Fizeau
interferometer expand differently, that difference will 2 2 2hk
cause a rotation and/or change in the spacing of the + sin 2 3+ ( sin+2

fringes. In the first case where the two similar Cab

separators made from a reference material are x(cosa cos/6-cosy)+2hl(cosacs
exactly the same length the difference in expansion of ac cosy
the other material is given by 2k1

(AL) (AL\ WA~ 1 -1 / (96) cos1)+- -(cos1 cos y- cos a)J (99)
L (T)R 2L, n2s 2 n/S)

Using this equation it can be shown that the expan-
where W is the perpendicular distance between the sion of cubic crystals (where a = b = c and a =13 =
specimen and the line that joins the separators that y = 90') can be obtained from any set of lattice planes
are made from the reference material and s is the (hkl):
distance between fringes. Aa Ad(hkl)

When the optical flats of a Fabry-Perot inter- a d(hkl) cot0AO (100)
ferometer are made highly reflecting the multiple
reflected beams cause a great increase in sharpness of For monoclinic crystals, where the symmetry restric-
the fringes. This sharpness results in a higher sensitiv- tions are a = y = 90 °, only the expansion in the
ity in the measurement of fringe fractions and hence [0, 1, 0] direction can be obtained directly:
in the expansion measurements. The sensitivity of a Ab Ad(OkO) (101)
polarizing interferometer [611 is also higher because b d(OkO)
the measurement of the polarization angle is a more

sensitive way of determining a fringe fraction. The The expansion of the interdependent quantities a, c,
laser is an extremely efficient source of radiation for and 3 of a monoclinic crystal can be obtained from
this type of interferometer because it can be con- the variation of the spacings of three noncoplanar
structed to emit a polarized beam. planes of the (hOi) type.

The thermal expansion of crystalline materials
5. X-RAY METHODS can be accurately measured with x-ray cameras and

diffractometers under conditions that preclude the
These methods are based on the diffraction of a use of any other method, as when the specimens are

collimated beam of monochromatic x rays that is very small, weak, and/or irregular in shape. These
scattered by atoms in a crystal lattice. The Bragg law methods are also unique in that they can easily be

used to determine the principal coefficients of ther-
A = 2d(hkl) sin 0 (97) mal expansion of anisotropic crystals and permit



22a Methods for the Measurement of the Thermal Expansion of Solids

direct observation of phase changes. There is a diameter, and the shrinkage of the film during
further advantage in that measurements with x rays development.
do not include effects that are observed in measure- X-ray diffractometers, in which a diffracted
ments on bulk specimens. beam is detected with an ionization counter and the

When using the camera method 162] the speci- angle determined from a wide-angle goniometer, are
men must be either a fine-grained polycrystalline widely used for expansion measurements [63]. In
wire, a fine powder, or a single crystal that is rotated x-ray diffractometers it must be possible to determine
during the exposure of the film. In powder form the and to adjust the position of the specimen on the
specimen can be held in a thin-walled glass tube. The focusing circle at any temperature.
basic geometry of the Debye-Sherrer method is The problems associated with heating the speci-
illustrated in Fig. 16A. The specimen is located at the men and accurately measuring its temperature in
center of the cylindrical camera and the film is placed both x-ray cameras and diffractometers are discussed
on the inside wall. Filtered x rays enter through a in several articles [62-64]. Large temperature gra-
collimator and either are diffracted by the crystal dients across the specimen are often encountered
planes according to Eq. (97) or are scattered or pass unless special arrangements are made [651. At
directly through the exit. The diffracted rays are 2000 K the temperature gradient may typically be
recorded on the film as sharp lines. Figure 16B shows 20 K/cm and the temperature measurements accu-
the pattern obtained for a fcc crystal. Not all the rate to only 50 K. Even larger values may occur when
angles possible according to Eq. (97) are diffracted, powder specimens are used. It is possible to use a
however, because of the structure factor [6]. For material of known expansion to determine the temp-
example, in the case of a fcc crystal reflections can erature [621. In many cases this reference material
occur only from those planes for which the Miller can be mixed with the specimen and heated with it.
indices (hkl) are all ,,ven or all odd. The values of 0 Unique x-ray techniques exist for special situa-
for the diffracted rays are determined from the posi- tions. In particular, the use of the Bond technique for
tion of the lines on the film. For increased accuracy single crystals 1661 has resulted in a sensitivity of 10-_
the value of d is obtained using large values of 0. The in measurements of Aa/a [67]. In this technique the
accuracy also depends upon the centering of the specimen is rotated between equivalent diffracting
specimen, the axial divergence of the collimated orientations on either side of the incident beam. The
beam, corrections for absorption and refraction value of 0 thus obtained ;s unaffected by any speci-
within the specimen, knowledge of the camera men eccentricity, absorption, and zero errors, and

COLLIMATORS

X-RAY
SEAM

FILM POWDERED SAMPLE

Fig. 16A. Schematic diagram for
Debye-Sherrer x-ray camera method.

III DIFFRACTION

311 DIFFRAACIINN

Fig. 16B. Difraction pattern (if face-
centered cubic crystal.
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errors due to specimen tilt and beam axial divergence this technique the capacitance of the plates is meas-
are minimized. ured with a capacitance bridge at about 1000 Hz. The

Neutron diffraction has also been used to meas- value of the capacitance, C, is about 10 pF and it can
ure thermal expansion 1681. The use of neutrons be measured with a sensitivity of 10- 7 pF. As
instead of x rays offers several advantages because the routinely used, this technique measures the relative
scattering depends upon the nuclei of the atoms expansion of the test material,
instead of the electron distribution. These include the AL) (A L -L,((
measurement of materials that are composed of light (102)
elements such as hydrogen and carbon and of some )R L, C/

neighboring elements such as iron and cobalt. Since (LR -L 7 )/L, is of the order of 3 x 10-', the
Another advantage is that neutrons are diffracted relative expansion can be measured to 10 "'. As can
from many deep crystal planes (V- 1 cm3) and not be seen in Fig. 17, the capacitance is measured
from just a few near the surface. This tends to make between electrodes (1) and (2). Electrodes (2) and (3)
both furnace construction and temperature measure- are both made of the reference material, which is
ments easier. Sources of thermal neutrons (atomic usually copper. Electrode (3) completely surrounds
reactors) are, however, somewhat more difficult to
obtain than sources of x rays. (3)

6. HIGH-SENSITIVITY METHODS

The precise measurement of very small coeffi- (-) (2)

cients of linear thermal expansion requires that the
sensitivity of the measurements be of the order of
10 -10. At low temperatures (<30 K) expansivities are
very small (see Table V), but the determination of
their temperature dependence contributes a great
deal to the understanding of lattice dynamics. On the
other hand, the behavior of low-expansion materials
at ambient temperatures is of technological impor-
tance. Five methods that have been successfully used
for these measurements are briefly described.

The three-terminal parallel plate capacitor
technique that was developed by White 1331 has been
used extensively [69-711 in the range of 0 to 310 K. In SPECIMEN

Tnlbe V. Coelldentb of Linea Tbermal Expansaon at Low Temp-
eratues\

Si KCI AI.O 1  INSULATION
T K (Or -640 K) ( t,-240K) (Of 13(I0K

)

4 3xlt lx I) 2x 10
8 8xl I, 4xlO 5x)(lo

12 4+10 3x10 7 .xlo 9

16 9 x 10
'  Ix 10 9x 10

21) 6x10 '  3x10 o 2x10-'
24 -3x10 5x10 -8
28 -IX10 9 10-8
32 -3x 10 1 (o)
36 -7xl0 2xlO (

40 -1 x 1to- 4x 1 Fig. 17. Schematic diagram for three-terminal parallel plate
capacitor technique.
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the other two conductors and forms an earth shield so windings. Since the change in mutual inductance is
that the capacitance between (1) and (2) does not linear to within one percent over ±1 mm and cap be
involve the lead wires, measured to 10-"', the expansion can be measured to

Kos and Lamarche 1721 have used a capacit,,nce 10- " when the specimen's length is 10 cm.
technique to measure expansions from 4 to 15 K. In While several mechanical-optical systems have
their technique a three-terminal capacitor is con- been developed [74, 751 the most interesting is that of
nected to a high-Q coil which is immersed in liquid Pereira, Barnes, and Graham [761 for use from 2 to
helium to form an LC circuit. The resonant fre- 30 K. In this system the expansion of a 6-cm specimen
quency, F. of this ciruit is mixed with a standard causes the rotation of a mirror which is attached to the
frequency and the beat frequency is determined with center of a doubly twisted strip (see Fig. 19). The
a counter. The expansion of the specimen is given by rotation of the mirror is detected with a photoelectric

( 2LLAF device that has a sensitivity of - 10-8 rad. The system
), L () (103) is calibrated by the piezoelectric effect of a quartz

crystal which is placed in series with the specimen

When IF/F=2.5x 10 8 and (LR-L,)/L,= 3X [77]. The response of the quartz crystal is -2x
10 4. the expansion can be measured to 10-1 . 10-"' cm/V. The overall sensitivity of the system for

A high-sensitivity variable differential trans- measuring expansion is 10- "
former was developed by Sparks and Swenson [73] A technique which utilizes the frequency shift of
for use from 2 to 40 K. In this technique the relative a Fabry-Perot interferometer has been developed by
displacement between the primary and secondary Foster [78] and by Jacob% [34]. The latter has used his
windings of a transformer is detected with a mutual system to measure low-expansion materials from 273
inductance bridge. As the secondary winding moves to almost 600 K with a sensitivity of 10 -9. The beam
(see Fig. 18), the change in inductance is balanced by from a stable He-Ne laser is passed through an
the inductance between the primary and pickup electrooptical modulator, an optical isolator, and a

Fabry-Perot etalon whose mirrors are separated by a

SECONDARY PRIMARY -PICKUP
COIL 

,-- CO

PUSIRD WOTE

SUPPORT ROD STRIP
(MAINTAINED AT
BATH TEMPERATURE)

DIAPHRA"M

SPECIMEN S E I E

HEATERE

Fig. I8. Schematic diagram for variable differential transformer
method. Fig. 19. Schematic diagram for mechanical optical technique.
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spacer made from the specimen. The beam is mod- cury that are in excellent agreement with those
ulated so that frequency sidebands are impressed on recommended by the International Union of Pure
it that can be tuned to coincide with a transmission and Applied Chemistry [811 can be calculated from
peak of the etalon. At coincidence, light passes the following equations:
through the etalon and the change in modulation Water, 273-: T <- 313 K
frequency is proportional to the expansion of the
specimen. p(kg m-3 )= - 17912.96 + 300.6987T

- 1.9247037T 2 +6.200789 - 10 'T'
7. HIGH-SPEED METHODS -1.004708. 10- 5 T 4 +6.53633 • 10- 9 T5

High-speed methods of measuring various ther- (104)
mophysical properties of electrical conductors have Mercury, 250- T- 575 K
proved to be extremely useful [79]. Although no
accurate measurements of thermal expansion have p(kgm 3 )= 14305.37-2.76072 T
yet been made with these systems, they are feasible +6.7171 • 10

- 4 T2 - 2.4122• 10-7 T'
and are of future importance. In these systems temp- -2.739 • 10-t0 TV + 8.04 • 10-

4 T 5

eratures above 2000 K can be obtained in less than (105)
one second by means of pulse heating in vacuum.
Temperatures are measured with high-speed optical The most widely used method is the volume
pyrometers and the data collected with a digital dilatometer [821. In this method the specimen is
acquisition system. placed in a glass bulb to which a long precision

Cezairliyan [35] has described a system in which capillary tube is connected. After the bulb is sealed it
the expansion of a specimen is measured by detecting is filled with a liquid by a vacuum technique. The
the change in radiance from a constant radiation volume of the specimen is determined by hydrostatic
source. The change in radiance is caused by the weighing and the change in volume of the system is
expansion of the specimen which partially blocks the determined by measuring the height of the liquid in
radiation. The incident radiation is modulated at the capillary tube at different temperatures. The
600 Hz so that an optical pyrometer alternately expansion of the specimen is approximately given by
measures the radiances from the source and specimen A V / W 29 3  AX 29 3
alone. The difference between the two radiances is 1 + - AT
proportional to the width (- 10 mm)of the specimen. 293 V293129

Ruffino et al. [80] have described a very complex W 29 3  W 29 3 A AX
system which utilizes two image followers and + V293P23 V,93PT+ V--3 (106)
Michelson interferometer. Each image follower
tracks the movement of a hole that has been drilled where W293 and P293 are the weight and density of the
through the specimen, while a corner cube mounted liquid at room temperature, PT is the density of the
on the follower forms part of the interferometer liquid at temperature T, A is the cross-sectional area
which measure the amount of movement, of the capillary bore, X 293 is the height of the liquid in

the capillary at room temperature, and Oc, is the
coefficient of thermal expansion of the glass bulb and
capillary. For highest precision the ratio of liquid

Methods of measuring volume thermal expan- volume to specimen volume and the bore of the
sion are usually applied to organic compounds and capillary tube should be small. For highest accuracy
polymers that have relatively large coefficients of the system should be calibrated with a reference
thermal expansion (8i >50. 10-6 K 1 ) and deform material of known expansion. A picnometer is a
under low stresses. Several methods that are used to variation of the volumt dilatometer in which the
measure the change in volume of solid materials are capillary tube is removed. In this method the change
briefly described. The use of all but one of these in volume on heating is determined by collecting and
methods depend upon knowing the density as a func- weighing the liquid that is expelled from the bulb
tion of temperature of a liquid (usually mercury, [831. A method that was developed within the last 10
water, or a silicon oil) in which the specimen is years [84] that has the capability for use at much
immersed. Values for the density of water and mer- higher temperatures utilizes small glass spheres in

I
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place of a liquid. In this method the system is essen- this method the expansion is approximately given by
tially a tube-type fused-quartz dilatometer with an AV P293-p- A WB
LVDT extensometer. The specimen is placed in the +co (108)
center of a known volume of glass spheres in the V293  P293 P293 V29 (
bottom of the tube. The push rod rests on top of the where A WB is the change in weight of the specimen
spheres in a piston-type assembly to contain them in while suspended in the liquid and Co is a correction
the tube. When the system expands, the small glass _. Zn. A variation of this method in which the temper-
spheres "flow" around the specimen and lift the push ature is determined when the liquid and the specimen
rod in the tube. The expansion of the specimen is have equal densities is capable of very high precision.
given by This flotation method as developed by Warrington

1861 uses a glass float that can be loaded with bothAXV = V,S) 3 + V'293 V 293  A
AV= V3+V a, AT--v23 S AT + A AX mercury and the specimen in contact with water. In
V 2  V V 29  V293  one series of tests the weight of mercury loaded on the

float is determined as a function of temperature,
(107) W'f=f(T). In another series of similar tests the

specimen is also loaded on the float, Ww =g(T).These functions can be used to calculate W~ and WVM
where v2,). is the volume of the glass spheres, a[ is the These tempratue use n calculating the

coeficint f liearthemalexpasio ofthe at the same temperature for use in calculating thecoefficient of linear thermal expansion of the expansion of the specimen:

dilatometer, 0, is the coefficient of thermal expansion p p

of the glass spheres, and A is the cross-sectional area A V W'A- Wm\ (Apw
of the dilatometer tube. = P pV )293L\-PW)

The volume expansion of a solid can also be
determined by the hydrostatic weighing method [851. + (Iw-wq (APi
In this method the specimen is weighed in a liquid of 9 PVs !,3,PM1

known density at different temperatures. Corrections - V  1 (
must be made for the weight of the wire and the - (W.- 1W;) (109)
basket or other device that supports the specimen. PM 293

Corrections must also be made for the effect of sur- where pM and pw are the densities of mercury and
face tension of the liquid on the suspension wire. In water.



Other Major Sources of Thermal Expansion
Data

There exists in the literature a number of reference erties of High Temperature Solid Materials. Volumes 5
sources which, while less extensive in scope than the and 6 include data on oxides, carbides, polymers,
present volume, may nevertheless prove valuable to composites, etc. This series is an update of the five-
the reader, While it is not the intent to cite here every volume series of Goldsmith, Waterman, and
available review, it is felt that the following works Hirschhorn [951 entitled Handbook of Thermophysi-
may prove to be of some value. cal Properties of Solid Materials, which includes data

Volumes I and II of the International Critical on thermal expansion for materials melting above
Tables [871 contain thermal expansion data on a 1000*F. Data on a variety of materials are also
variety of materials, but these data are rather out of included in the Landolt-Bornstein tables [961. A
date. Similarly, the Smithsonian Physical Tables 188] recent handbook containing evaluated thermal
give data on a variety of materials. Corruccini and expansion data is the American Institute of Physics
Gniewick [891 give data on technical solids at Handbook, Third Edition (1972) [971, but these
cryogenic temperatures. A summary report on evaluations have been taken into account in the pres-
ceramics by Stutzmann, Salvaggi, and Kirchner gives ent Volumes 12 and 13.
data on ceramics [901. Wood and Deem [91] include Comprehensive bibliographic citations (not
thermal expansion data in their compilation of ther- data) are included in Volumes 1 and 3 of the six-
mophysical property data for materials useful above volume Supplement I to Thermophysical Properties
1500 K. Properties of selected ceramic materials are Research Literature Retrieval Guide, edited by
given in a compilation edited by Lynch, Ruderer, and Touloukian, Gerritsen, and Shafer [981.
Duckworth (921. Pearson [93] gives a summary of In addition to the above works, the proceedings
published lattice thermal expansion data. of the Thermal Expansion Symposia [99, 100, 1011

Touloukian [941 edited a handbook series of six represent valuable references to data, methods, and
volumes (nine books) entitled Thermophysical Prop- theory on thermal expansion.

27a
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Data Presentation and Related General
Information

1. SCOPE OF COVERAGE 2. PRESENTATION OF DATA

This volume presents the data on the percent The thermal expansion data and information for
thermal linear expansion and coefficient of thermal each material are presented generally in four sections
linear expansion for almost all the important kinds of arranged in the following order: (1) Recommended
nonmetallic solid materials for which experimental Table and Figure, (2) Original Data Plot, (3) Specifi-
data are available. The materials covered include 11 cation Table, and (4) Data Table.
elements, 23 groups of graphites, 61 simple oxides. Recommended values for the percent thermal
76 complex oxides, 48 salts, 127 nonoxide com- linear expansion of materials for which critical data
pounds, 5 groups of ceramics, 11 groups of cermets, evaluation and analysis are possible are presented in
15 groups of glasses, 60 polymers, and 15 groups of both tabular and graphical forms. In addition, a table
composites. These data were obtained by processing of the coefficient of thermal linear expansion is also
over 2300 research documents dated from 1908 to given. An empirical equation in the form of a cubic
1974 including a number of articles published more polynomial is given in the REMARKS to the table to
recently. Materials within each category are arranged approximately represent the recommended percent
alphabetically by name, as listed in the Grouping of expansion values. A brief discussion of the basis used
Materials and List of Figures and Tables in the front in arriving at the recommended percent expansion
of the volume. In all, this volume reports 4990 sets of values and at the values for the cofficient of expansion
experimental data on 815 different materials, which and a statement of the uncertainties in these values
are listed in the Material Index at the end of the are also given in the REMARKS.
volume. The Original Data Plot is a full-page linear-scale

Of the 452 materials and groups of materials graphical presentation of the thermal linear expan-
covered, the data foi 228 (i.e., 50.4%) have been sion data as a function of temperature. The data on
critically evaluated, analyzed, and synthesized, and the coefficient of thermal linear expansion for temp-
recommended reference values or provisional values eratures below 293 K are given in an insert. Although
have been generated and are presented in this volume the recommendation made is for a pure material, this
together with the original experimental data. type of figure should give an excellent overall view

The temperature ranges covered by the thermal of the quality of data available from the literature.
expansion data for many materials are from near For a number of materials for which there exists only
absolute zero to near the melting point. The change in a small number of data, the Original Data Plot is
the thermal expansion due to transitions such as omitted. When several sets of data are too close
phase transition and glass transition are also taken together to be distinguishable, some of the curves (or
into account. data sets) are omitted from the plot for the sake of

It is important to note that, although the numeri- clarity. These are clearly indicated by asterisks in
cal data presented in this volume are all for thermal both the Specification Table and the Data Table.
linear expansion, values for thermal volumetric The Specification Table provides in a concise
expansion can easily be calculated from the data for form the comprehensive information on the test
thermal linear expansion by using the equations given specimens for which data are reported. The curve
in the text on the theory of thermal expansion. Conse- numbers in the Specification Table correspond
quently, this volume is useful for both linear and exactly to the numbers which appear in the Original
volumetric thermal expansion of nonmetallic solids. Data Plot and the Data Table. The Specification
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Table gives for each set of data the reference number the research paper in a graph which is too small to
which corresponds to the number in the list of Refer- allow accurate data extraction compatible with the
ences to Data Sources, the names of authors, the year accuracy of the measurements.
of publi-ition of the document, the method of meas- Data on percent thermal linear expansion are
urement, the temperature range, the particular name reported in this volume as percent elongation, given
of the material other than that appearing in the title of by the expression
the table, the specimen designation, and the specimen AL Lr-L29K

composition, characterization, and the test condi- L-- L 2 9= K X 100
tions, which include any variables reported by the K

investigator that may be responsible for the variation where LT and Lo are lengths (or lattice parameters) at
in the thermal expansion data. The information of the temperature T and at 293 K, respectively. In order to
last category, which is reported to the extent provided compare all the available data from the world litera-
in the original source document, includes the ture on the same basis, the thermal expansion has
following: been arbitrarily set to be zero at 293 K, whenever this

1. Purity, chemical composition, and concen- is possible. In these cases the zero-point correction or
tration of crystal defects, the lattice parameters at the first measured tempera-

2. Type of crystal and crystal axis orientation ture and the extrapolated value at 293 K are given in
3. Microstructure, grain size, inhomogeneity, the Specification Table. This information is useful in

and additional phases deriving the original data from the presented data. In
4. Specimen shape and dimensions, and the cases where it is not feasible to convert the

method and procedure of fabrication author's original data to a 293 K reference (because
5. Thermal history, heat treatment, and of a large extrapolation required or of problems

mechanical, irradiative and other treat- associated with phase transformations), the pre-
ments sented form differs from this, and the new reference

6. Manufacturer and supplier, stock number, temperature is specified in the Specification Table. In
and catalog number the cases where data were taken during the subse-

7. Test environment, degree of vacuum or quent cooling or heating cycles in the measurement
pressure, strength and orientation of applied and "permanent sets" have occurred, the data have
magnetic field been biased to zero expansion at 293 K and the

8. Pertinent physical properties such as appropriate zero-point corrections are indicated in
density, porosity, hardness, and transition the Specification Tables. These curves are not shown
temperature in the Original Data Plot and this fact is indicated

9. Form in which the extracted data are pre- clearly on the individual curves by asterisks in the
sented in the original source document other Specification and Data Tables. Whenever an author
than raw data points reports data on both thermal linear expansion and the

10. Additional information obtained directly coefficient of thermal expansion, the latter is also
from the author reported in a second Data Table. In this case the same

curve number is used in the Original Data Plot,
Unfortunately, in the majority of cases the authors do Specification Table, and the two Data Tables. In this
not report in their research papers all the necessary way, the information in the Specification Table for a
pertinent information to adequately characterize and given specimen applied to data on both the thermal
identify the materials for which their data are linear expansion and the coefficient of thermal linear
reported. This is particularly true for the authors of expansion for that specimen. If the author only
earlier investigations. Consequently, the amount of reported coefficient of expansion data, these results
information on specimen characterization reported in are integrated to yield values of thermal expansion
the Specification Tables varies greatly from author to and this is indicated by a double dagger (t) in the Data
author. Table.

Tabular presentation for all the data described in The coefficient of thermal linear expansion is
the Specification Table whether shown or not in the defined as
Original Data Plot is given in the Data Table.
Attempts have been made to contact authors for d(&L\ I dL
tabular data whenevez the original data are given in dT Lo = Lo dT
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As discussed in the text on the theory of thermal least two independent methods. Any serious devia-
expansion of solids, there are several other commonly tion from these conditions may lead to the designa-
used definitions of the coefficient; most frequently tion of the derived values as "provisional values."
used is the mean coefficient between two tempera- The uncertainty in the recommended percent expan-
tures. Since the mean coefficient is applied to a range sion values is :s±5% and the uncertainty in the
of temperature and cannot be specified for a single provisional percent expansion values is >±5%.
temperature, such data are not reported. Instead, The values for the coefficient of thermal linear
they have been converted to thermal linear expan- expansion are obtained from critical evaluation of the
sion. experimental data whenever available. These values

are compared with the calculated values obtained by
3. CRITERIA FOR DATA ANALYSIS differentiating the cubic polynomial equation given in

the REMARKS to the table or the more elaborate
The end result of critical evaluation, analysis, cubic spline fit equations that fit the recommended

and synthesis of the available data is the generation of percent thermal linear expansion values. This proce-
the "most probable values." Depending upon the dure is followed to ensure the consistency between
level of confidence these values are designated as the values of the percent thermal expansion and those
"recommended values" or "provisional values." of the coefficient of thermal expansion. Whenever
Whenever possible, the reliability of experimental experimental data for the thermal expansion coeffi-
data is judged on the basis of a set of objective cient are not available, the values are obtained by
criteria. However, there are many instances where differentiation of the equations mentioned above,
adequate information is not provided by the author with the resulting values (particularly the end points)
that can be used for the full assessment of the quality slightly adjusted, if necessary, in order to be consis-
of the data. In such cases, data evaluation becomes tent with the general shape of the thermal expansion
exceedingly difficult, and considerable weight is given curve.
to factors such as past performance of the author and
the reputation of the laboratory where the measure- 4. CLASSIFCATION OF MATERIALS
ment was made. In general, the recommended values
are derived from the experimental data that consist of The classification of most of the materials
concordant results from measurements carried out by covered in this volume is based on the chemical
several reliable and competent researchers on well- composition of the material using the classification
characterized materials using proven techniques, or scheme shown in Table VI. This scheme is mainly for
of the results of a single reliable and competent the convenience of materials grouping and data
researcher on well-characterized materials using at organization and is not intended to be used as the

Table VI. Classification of Nommetaic Materlals

Limits of composition weight percent)*

Classification X, X1-+ X2 X2 X,

1. Elements >99.5 - <0.2 <0.2

A. Binary - 299.5 20.2 -0.2
2. Mixtures (or solutions) of - a 99.5 >0.2 >0.2

elements or of elements - <99.5 -0.2 50.2
and compounds B. Multiple - <99.5 >0.2 >0.2

L_!;99.5 - <0.2 <0.2

3. Compounds >95.0 - <2.0 <2.0

A. Binary - -95.0 a2.0 -2.0
4. Mixtures (or solutions)of - -95.0 >2.0 >2.0

compounds B. Multiple - <95.0 2!2.0 s2.0

| <95.0 >2.0 >2.0
L-595.0 - <2.0 <2.0

X" XI-X2- X.1-X4-Z•"

*xInmmlmtxu n lxI IlxI 4 i i I• I.
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basic definitions for the various material categories. R Variable resistance transducer
Because of their inherent nature, certain materials do S Strain gauge method
not lend themselves to a purely chemical classification T Telemicroscope method
and a more logical method has been adopted to V Variable inductance transformer
classify them, instead, by their physical form and/or X X-ray diffraction method
use and application. Other symbols and abbreviations used in the tables

The oxygen-containing inorganic compounds of and/or figures are as follows:
compositions A.0, and AB,OZ, in which A and B
represent elements, are classified into the following b.c.c. Body-centered cubic
three groups. Any compound containing one element c. Cubic
plus oxygen such as A.,O, where A can be metallic c.p.h. Close-packed hexagonal
or nonmetallic element, is classified as Simple Oxide, d Density
e.g., A120 3, ZrO2, etc. For compounds of composi- f.c.c. Face-centered cubic
tion A,,BOZ, the following scheme is adopted for f.c.t. Face-centered tetragonal
their classification. If both A and B are metallic h. Hexagonal
elements and B is less metallic and more strongly I.D. Inside diameter
electronegative so that the B-O binding can no longer AL/Lo Percent thermal linear expansion
be treated as primarily ionic, then this compound is a Coefficient of thermal expansion
considered to be a Complex Oxide with the formula M.P. Melting point
AO, . BO,-, and named as AB oxide, e.g., monocl. Monoclinic
CaO. A120 3, SrO. ZrO 2, etc. These complex oxides NTP Normal temperature and pressure
are arranged in the alphabetical order by name of the O.D. Outside diameter
B elements. If the central element B is nonmetallic, orthorh. Orthorhombic
the compound is considered to be a Salt of the r. Rhombohedral
common inorganic acid of B element is named by the s.c. Superconducting
appropriate anion name, with its chemical formula in Sub]. Sublimation
the usual form for salt, e.g., CaCO 3, Mg 2SiO 4, etc. T Temperature
Materials known as ceramics, especially those t. Tetragonal
specified by the trade names, are placed in the categ- Temp. Temperature
ory of Ceramics. If a material meets the criteria of a T.P. Transition point
cermet or, in some cases, is designated as "cermet" by trig. Trigonal
the author of the original paper, it is placed in the t Micro
category of Cermets and is listed in alphabetical order > Greater than
by the primary nonmetallic component. Thus, the two < Less than
cermets 60% A120 3+30% Cr+10% Cr 20 3 and - Approximately
60% Cr + 30% A120 3 + 10% Cr 20 3 are both listed (3) Curve number for polycrystalline material
under A120 3 + Cr + 1X, cermet. Oxygen-containing if any of the following three kinds of curve
materials known to be in the glassy state are placed in number symbols appears also in the same
the category of Glasses. The materials are arranged figure; otherwise it just represents any
according to the composition within this category. curve number

/3 Curve number for measurements//to a-
axis unless otherwise indicated. SYMBOLS AND ABBREVIATIONS USED Curve number for measurements//to b-iN THE TABLES AND FIGURES aiaxis

In the specification tables the code designations [] Curve number for measurements//to c-
used for the experimental methods are as follows: axis unless otherwise indicated

D Density method 6. CONVENTION FOR BIBLIOGRAPHIC
E Electrical capacitor method CITATION
F Electron diffraction
I Interferometer method For the following types of documents the bib-
L Dilatometer method liographic information is cited in the sequences given
0 Optical method below.



Data Presentation and Related General Information 37a

Journal Article 1 kX = 1.00202 A
a. Author(s)--The names and initials of all T(K)= t(C)+ 273.15

authors are given. The last name is written
first, followed by initials. T(K)= [5/91[t(°F)+459.671

b. Title of article. The same number of decimal places as in the original
c. Journal name-The abbreviated name of the data given by the author was retained in the tempera-

journal as used in the Chemical Abstracts is ture conversion.given.vrson
given. The kilo X unit (kX) was used in early years ford. Series, volum e, and num ber- If the series is r l t v a e e g h m a u e e t n sd fn d bdesinate bya leter no omm is sed relative wavelength measurements and is defined bydesignated by a letter, no comma is used the relation
between the letter for series and the numeral
for volume, and they are underlined together.
If the series is also designated by a numeral, a I kX= (200) plane spacing of calcite
comma is used between the numeral for series 3.02945
and the numeral for volume, and only the
numeral representing volume is underlined. 8. CRYSTAL STRUCTURES, TRANSITION
No comma is used between the numerals TEMPERATURES, AND PERTINENT
representing volume and number. The num- PHYSICAL CONSTANTS OF THE
eral for number is enclosed in parentheses. ELEMENTS, AND CRYSTAL

e. Pages-The inclusive page numbers of the STRUCTURES, DENSITIES, AND
article are given. MELTING POINTS OF SELECTED

f. Year-The year of publication. INORGANIC COMPOUNDS
Report

a. Author(s). Table VII contains information on the crystal
b. Title of report. structures, transition temperatures, and certain
c. Name of the responsible organization, pertinent physical constants of the elements. Crystal
d. Report or bulletin, circular, technical note, structures, densities, and melting points (wherever

etc. available) of the inorganic compounds covered in this
e. Number. volume for which information is available are given in
f. Part. Table VIII. This information is very useful in data
g. Pages. analysis and synthesis. For example, the thermal
h. Year. expansion of a material generally changes abruptly
i. ASTIA's AD number-That is given in when the material undergoes any transformation.

square brackets whenever available. One must therefore be extremely cautious in
Book attempting to extrapolate the thermal expansion data

a. Author(s). across any phase, state, or magnetic transition temp-
b. Title. erature, as given in the table. Each table has an
c. Volume. independent series of numbered references which
d. Edition. immediately follows the table.
e. Publisher. Even though no attempt has been made to criti-
f. City, state (address of the publisher). cally evaluate the temperatures/constants given in
g. Pages. the tables and these should not be taken as recom-
h. Year. mended reference values, Table VII for the elements

is significantly different from the similar table pub-
lished earlier in Volumes 1, 2, 4, 5, 7, and 10 of this
Series. This revised Table VII is an updated and

The following conversion factors are used for the upgraded version of the earlier table in that most of
conversion of the data/values reported in the Specifi- the information/data given in Table VII have been
cation Tables and Data Tables: taken from more recent and reliable sources and that

I in. = 0.02 54 m all temperatures have been converted to the Interna-
tional Practical Temperature Scale of 1968 (IPTS-

1 lb = 0.45359237 kg 68).
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In Table VIII for the inorganic compounds, the these materials the temperatures given in the melting
melting points are given in both IPTS-48 and IPTS- point column are decomposition or sublimation
68 with the latter in parentheses. It should be noted temperatures rather than melting points, which have
that some materials do not melt but decompose or been so noted in the table.
sublime at high enough temperature, and that for

1-
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Al

Material Index to Thermal Expansion
Companion Volumes 12 and 13

Material Name Vol. Page Material Name Vol. Page

15-5 PH 12 1141 AGR Graphite 13 123

17-4 PH 12 1138, AGX Graphite 13 123
1141

AISI 301 12 1138,
17-7 PH 12 1138, 1141,

1141 1142

18NiCoMo Steel 12 1175, AISI 302 12 1138,
1177 1142

20Cr - 25Ni 12 1175, AISI 303 12 1138,
1186 1142

2800 Steel 12 1177 AISI 304L 12 1138,
1142

35G18 12 1167,
1168 AISI 310 12 1138,

1142
40G5 12 1165,

1169, AISI 316 12 1138,
1170 1143

40N7 Steel 12 1185 AISI 321 12 1138,
1143

45G10 12 1167
AISI 330 12 1177

49 B-2 Graphite 13 129
AISI 347 12 1138,

50 B-1 Graphite 13 130 1143,
1144

50 D-1 Graphite 13 130
AISI 406 12 1138,

50 1-1 Graphite 13 130 1144

3474D Graphite 13 24 AISI 410 12 1138,
1144

896G Graphite 13 123
AISI 416 12 1138,

942S Graphite 13 123 1144

3499 Graphite 13 27 AISI 420 12 1138,
1144

7087 Graphite 13 33
AISI 422 12 1138,

A Graphite 13 37 1145

A-110 AT (Ti-5A1-2.5Sn) 12 1274, AISI 430F 12 1138,
1280 1145

A-286 Steel 12 1175, AISI 440C 12 1138,
1177 1145

Adiprene C + Lithafax 13 1520 AISI 446 12 1138,
1145

AFC-77 12 1145
AISI 455 12 1145

AGKSP Graphite 13 123 AISI 633 12 1145

AGOT Graphite 13 123
AISI 4340 12 1177• I,
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A2

Material Name Vol. Page Material Name Vol. Page

AISI C1010 12 1167 Al 7075-T6 12 1053

AISI H-11 12 1146 Al 7075-T73 12 1053

Al 356 12 1044 Al 7079 12 1051

Al 1060 12 6 Al 7079-T6 12 1053

Al 1100 12 641 Alcoa 2S 12 641

Al 2014 12 1011, Alcoa 3S 12 1034,
1014 1036

Al 2017 12 1011, Alcoa 14S 12 1014
1014

Alcoa 17S 12 1014
Al 2018 12 1011

1013 Alcoa A17S 12 1015

Al 2020 12 1011 Alcoa 18S 12 1013
1014

Alcoa 24S 12 1014,
Al 2024 12 1011, 1015

1014
1015 Alcoa 24S-T4 12 1013,

1014
Al 2024-T3 12 1015

Alcoa 255 12 1013
Al 2024-T4 13 1013

1014 Alcoa 75S 12 1051,
1053

Al 2025 12 1011
1013 Alcoa 75S-T6 12 1053

Al 2117 12 1015 Alcoa 615 12 1030

Al 2219 12 1015 Alloy 7 12 1318

Al 2618 12 1015 Alloy 9 12 1318

Al 3003 12 1034 Alpax-Gamma 12 1046
1036

Alpha-Alumina 
13 179

Al 4032 12 1042
1044 Aluminal, Superoffinal 12 7

Al 5052 12 1028 Aluminum Al 12 2
1030

Aluminum Alloys (specific types)
Al 5083 12 1028

1030 Al 356 12 1044

Al 5456 12 1028 Al 2014 12 101i
1030 1014

Al 6053 12 1028 Al 2017 12 1011,
1030 1014

Al 6061 12 1028 Al 2018 12 1011,
1030 1013

Al 6151 12 1042 Al 2020 12 1011,
1044 1014

Al 7039 12 1051 Al 2024 12 1011
1053 1014,

1015
Al 7075 12 10511
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A3

Material Name Vol. Page Material Name Vol. Page

Al 2024-T3 12 1015 Alcoa 615 12 1030

Al 2024-T4 12 1013, Alpax-Gamma 12 1046
1014

Duralumin 12 1015

Al 2025 12 1011, 1016
1013

L5 12 1053

Al 2117 12 1015
Lo-Ex 12 1046

Al 2219 12 1015
RR-50 12 1046

Al 2618 12 1015
RR-53C 12 1046

Al 3003 12 1034,
1036 RR-77 12 1053

Al 4032 12 1042, Russian Alloy A12 12 1047
1044

Russian Alloy AD31 12 1031
Al 5052 12 1030

Russian Alloy AL9 12 1054

Al 5083 12 1030
Russian Alloy AMg5 12 1031

Al 5456 12 1030
Russian Alloy AMg6 12 1031

Al 6053 12 1030
Russian Alloy AMTS 12 1036

Al 6061 12 1030
Russian Alloy D16 12 1011

Al 6151 12' 1042, 1019
1044

Russian Alloy D18 12 1019

Al 7039 12 1051,
1053 Russian Alloy V65 12 1011

1019

Al 7075 12 1051,
1053 Russian Alloy V94 12 1054

Al 7075-T6 12 1053 SA-1 12 1046

Al 7075- T73 12 1053 SA-14 12 1046

Al 7079-T6 12 1051, Tens-50 12 1044
1053

Verilite 12 1040
Alcoa 3S 12 1034,

1036 XB-18S 12 1016

Alcoa 14S 12 1014 Y-Alloy 12 1011
1016

Alcoa 178 12 1014
Aluminum-Antimony 

Intermetallic

Alcoa A17S 12 1015 Compound

Alcoa 188 12 1013 AISb 12 414

Alcoa 24S 12 1014, Aluminum + Beryllium + EX 12 1006
1015

Aluminum-Beryllium System 12 630

Alcoa 248-T4 12 1013,
1014 Aluminum Bronze 12 1091

Alcoa 25S 12 1013 Aluminum Complex Oxides

Alcoa 75S 12 1053 CaO' 203 13 484

Alcoa 75S-T6 12 1053 CaO" 6AI2o 13 468
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A4

Material Name Vol. Page Material Name Vol. Page

3CaO. A10O 13 469 AlFe3  12 434,
435,

3CaO. 5A120 3  13 473 437

5CaO- 3AI2O, 13 474 Aluminum-Iron System 12 639

Dy 2O " 2A12O3  13 475 Aluminum + Magnesium + EXi  12 1028

3Dy2O3 " 5A12O3  13 476 Aluminum-Magnesium System 12 646

PbO-A 2 0, 13 478 Aluminum + Manganese + E-X1  12 1034

MgO" A120 3  13 479 Aluminum-Manganese System 12 653

MnO" A120s 13 483 Aluminum-Molybdenum System 12 654

NiO'AI2O 13 484 Aluminum + Nickel + rX 12 1038

ZnO A1203  13 485 Aluminum-Nickel Intermetallic Compounds

Aluminum + Copper + EX1  12 1011 AINi 12 438
440

Aluminum-Copper Intermetallic
Compounds AINi 12 441,

443
Al 2Cu 12 417,

418 Aluminum-Nickel System 12 657

AlCu 12 417, Aluminum Nitride AIN 13 1127
419

Aluminum Orthophosphate AIPO4  13 689
AlCu 2  12 417,

420 Aluminum Oxide AI2OA 13 176

AI4Cu 9  12 417, Aluminum Oxide + Aluminum A120 + Al 13 1306
421

Aluminum Oxide + ZX i Ceramics
AlCus 12 417, A12O3 + EXi  13 1278

422
Aluminum Oxide + Chromium

Aluminum-Copper System 12 634 A1203 + Cr + EX1  13 1309

Aluminum-Gold Intermetallic Compounds Aluminum Plutonium System 12 657

A12Au 12 423 Aluminum, SAP (sintered
aluminum powder) 12 4

AlI. MAu 12 425
Aluminum Silicate A12SiO5  13 703

Aluminum + Iron + CX 12 1027

Aluminum Silicate A14 SiO8  13 703
Aluminum-Iron Intermetallic Compounds Aluminum Silicate A1eSi2 O13  13 703

AI5 Fe2  12 426,
429, Aluminum + Silicon + EX i  12 1042
430

Aluminum-Silicon System 12 658,
A4 Fe 12 427, 660,

429, 662
431

Aluminum-Silver Intermetallic Conpounds
A]2 Fe 12 428,

429, AIAg 2  12 444
432

Aluminum, soft 12 4
AlFe 12 433,

435, Aluminum Titanium Oxide A120 3 TIC 2  12 548
436
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A5

Material Name Vol. Page Material Name VoL Page

Aluminum-Titanium System 12 659, Argon Ar 13 2
660,
663 Armco 21-6-9 12 1148

Aluminum Tungsten Oxide 2A12 0 . 5W0 3  13 576 Armco Iron 12 160,
163,

Aluminum-Uranium Intermetallic 164
Compound Aromatic Polyamide 13 1393

AIU 12 447
Arsenates

Aluminum-Uranfum System 12 664,
666, NH4H 2AsO4  13 616
667

GaAsO 4  13 619

Aluminum + Zinc + LX 
12 1051

KD 2AsO4  13 620

Aluminum-Zinc System 12 665,
666, KH 2AsO4  13 623
668

RbD2 AsO4  13 627

Aluminum-Zirconium System 12 669

RbH2AsO4  13 630
AM-35 12 1145

Arsenic As 13 7

AM-335 12 1145
Arsenic Selenide As 2Se 3  13 1192

AM-362 12 1145
Arsenic-Selenium Glass As-Se 13 1346

AM-363 12 1145
Arsenides

Ammonia Chloride NH 4CI 13 968
Cds 13 744

Ammonium Dihydrgen Arsenate

NH 4H2AsO 4  13 616 CdSnAs 2  13 752

Ammonium Dibydrogen Orthophosphate CeAs 13 752
NH4H2PO4  13 689

GaAs 
13 747

AMS-6487 12 1146
InAs 13 752

AN-M-29 12 1204

Anatase 13 395

ZiAs2  13 752

Anorthite 13 707
Artificial Graphite 13 129

Antimony Sb 12 13
Asbestos-Phenolic 9526D Laminate 13 1525

Antimony-Bismuth System 12 673,
675 Asbestos/Phenolic Resin Composite 13 1524

Antimony-Gallium Intermetallic Compound Asbestos Reinforced Phenolic 13 1525

SbGa 12 450 Asbestos/Teflon Composite 13 1530

Antimony-Indium Intermetallic Compound Ascoloy 12 1148

ShIn 12 455 ASTM B80 HZ-32A 12 1208,
1212

Antimony-Lanthanum Intermetallic
Compound ASTM BS0 ZH-62A 12 1213

SbLa 12 460 ASTM BO0 HM-21A 12 1212

Antimony-Silver System 12 674, Aterite 12 1105
675,
677 ATJ Graphite 13 42
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A6

Material Name Vol. Page Material Name Vol. Page

ATL Graphite 13 124 Beryllium + Aluminum + EX 12 1057

Austenate, 18Cr-lONi 12 1138, Beryllium Bronze 12 679
1147

Beryllium-Copper System 12 678
AXM-5Q Graphite 13 75

Beryllium-Hafnium Intermetallic Compound
AZ31 A 12 1202,

1204 #-Be 7 Hf2  12 461

B Graphite 13 48 Beryllium-Iron System 12 680

B-2 Great Lakes End-Cap Graphite 13 125 Beryllium-Niobium Intermetallic Compound

B-120 A 12 1294 Be12Nb 12 464

f-A120" TiO2  13 548 Beryllium Oxide BeO 13 195

Baddeleyite 13 454 Beryllium Oxide + Beryllium BeO + Be 13 1313

Bakelite 13 1512 Beryllium Oxide + Beryllium + Molybdenum
BeO + Be + Mo 13 1341

Barium Ba 12 21
Beryllium Oxide + Beryllium + Silicone

Barium Dialuminum Orthosilicate BeO + Be + Si 13 1341
BaAl2 (SiO4 )2  13 727

Beryllium-Tantalum Intermetallic
Barium Borate Glass BaO-B2 03  13 1349 Compounds

Barium Calcium Tungsten Oxide Be12Ta 12 467,
2BaO" CaO" WO 13 577 469,

470
Barium Fluoride BaF 2  13 1021

Be17Ta 2  12 468,
Barium Fluoride + Calcium Fluoride 469,

BaF2 + CaF2  13 1074 471

Barium Oxide BaO 13 194 Beryllium-Uranium Intermetallic Compound

Barium Silicide BaSi2  13 1211 Be13U 12 472

Barium Strontium Tungsten Oxide Beryllium-Zirconium Intermetallic
2BaO" SrO. W03  13 578 Compound

Barium Sulfide BaS 13 1239 Be1 3Zr 12 475

Barium Tin Oxide BaG" SnO2  13 547 Billet A 12 334

Barium Titanium Oxide BaO. TiO2  13 554 Billet MX 12 334

Barium Titanium Oxide BaO. 2TiO2  13 560 Bismuth Bi 12 33

Barium Titanium Oxide BaO. 3TiO2  13 560 Bismuth-Lead System 12 681

Barium Titanium Oxide BaO. 4TiO2  13 560 Bismuth-Platinum Intermetallic Compounds

Barium Titanium Oxide Ceramic Bi 2Pt 12 478,
BaO. TiO2 13 1280 480,

481
Barium Zirconium Oxide BaO. ZrO2  13 601

BiPt 12 479,
Berylco 25 12 1097 480,

482

Beryllium Be 12 24 Bismuth Tritelluride B12Te3  13 1270 I

Beryllium Alloy, Lockalloy 12 1057, B

1059 Bismuth-Tin System 12 684



A7

Material Name Vol. Page Material Name VoL Page

Bisphenol-A 13 1405 Tetraboron Carbide B4 C 13 840

Boric Oxide Glass B2Os 13 1352 Boron Nitride BN 13 1131

Borides Boron Phosphide BP 13 1165

CrBs  13 796 Borosilicate Glass B20-SiO2  13 1355

CrB 13 796 Brass 12 1116

Co 2 B 13 796 Brass, 70/30 12 1116

DyB 12  13 793 Brass, Common 12 798

ErB1 2  13 755 Brass, Red 12 1116

HfB2  13 758 Brass, Yellow ASTM B16 12 1116

HoB12  13 763 Bromate NaBrO3  13 633

Fe2B 13 796 Bromides

LuB12  13 793 CsBr 13 801

MoB2  13 796 CuBr 13 838

NbB2  13 767 PbBr2  13 806

ScB 2  13 797 LiBr 13 836

SiB6  13 797 MaBr2 '4H 20 13 808

SiB4  13 797 KBr 13 810

TaB 13 797 KBr + KCI 13 830

TaB2  13 772 KEr + RbBr 13 838

TbB,2  13 791 RbBr 13 816

ThB 13 797 RbBr + RbCI 13 834

ThB4  13 797 AgBr 13 836

TiE 13 778 NaBr 13 821

TmB12 13 791 TIBr 13 826

WB 13 798 Bronze 12 1110,
1112

UB2  13 798
Bronze, Aluminum 12 1091

YbBt2  13 791
Bronze, Manganese 12 1116

YB12  13 791
Bronze, Phosphor 12 791,

ZrB1 2  13 793 1112

ZrB2  13 784 C-120 AV 12 1274

ZrB2 + MoSi2 + EX 13 790 C Graphite 13 52

Boron B 13 12 CA Graphite 13 124

Boron/Avco 5505 13 1533 Cadmium Cd 12 40

Boron Fiber/Epoxy Resin Composite 13 1531 Cadmium Arsenide Cd3As 13 744
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Material Name Vol. Page Material Name Vol. Page

Cadmium Fluoride CdF2  13 1076 Calcium Aluminum Silicate Ca 2AI2SiO7  13 727

Cadmium Iodide Cdl2  13 1122 Calcium Dialuminum Orthosilicate
CaAl2 (Si0 4 )2  13 707

Cadmium-Gold Intermetallic Compound
Calcium Borate Glass CaO-B2 Os  13 1358

CdAu 12 483
Calcium Carbonate CaCO 13 637

Cadmium-Gold System 12 688
Calcium Feldspar 13 707

Cadmium-Lead System 12 689,
691, Calcium Fluoride CaF 2  13 1025
692

Calcium Hafnium Oxide CaO. HfO2 13 501
Cadmium-Lithium Intermetallic Compound

Calcium Iron Oxide CaO. Fe2 O3  13 503
CdLi 12 487,

489, Calcium Iron Oxide 2CaO. Fe 20 13 506
490

Calcium-Magnesium Intermetai]ic
Cadmium-Magnesium Intermetallic Compound

Compound
CaMg2  12 493

Cd3 Mg 12 489,
491 Calcium Magnesium Orthosilicate \

CaMgSiO4  13 708
Cadmium-Magnesium System 12 691,

693 Calcium Magnesium Metasillcate
CaMg(SiO3 ) 2  13 708

Cadmium Oxide CdO 13 205
Dicalcium Magnesium Silicate

Cadmium Selenide CdSe 13 1185 Ca 2MgSi2 O7  13 708

Cadmium-Silver System 12 690, Tricalcium Magnesium Orthosilicate
691, CaMg(SiO4) 2  13 708
695

Calcium Magnesium Tungsten Oxide
Cadmium Sulfide CdS 12 1221 2CaO. MgO. W0 3  13 584

Cadmium Telluride CdTe 13 1243 Calcium Molybdenum Oxide CaO" MoO 13 517

Cadmi -Tellurium Intermetallic Calcium Oxide CaO 13 208
Compound

/CdTe Calcium Silicate CasSiO5  13 705
492 Calcium Silicate CasSi2 07  13 705

Cidmium Tin Arsenide CdSnAs 2  13 752 Calcium Orthosilicate Ca2 SiO4  13 705

Cadmium-Tin System 12 697 Calcium Metasilicate CaSiO3 13 705

Cadmium Zirconium Oxide CdO ZrO2  13 602 Calcium Sulfide CaS 13 1239

Calcium Ca 12 49 Calcium Tungsten Oxide CaO. WO 13 580

Calcium Aluminum Iron Oxide Calcium Zirconium Oxide CaO-ZrO2  13 603
4CaO. A120 Fe2Os  13 509

Carbides
Calcium Aluminum Oxide CaO.A12O3  13 464

B4 C 13 840
Calcium Aluminum Oxide CaO. 6A120 3  13 468

CeC2  13 935
Calcium Aluminum Oxide 3CaO. A1203  13 469

CeC 13 935
Calcium Aluminum Oxide 3CaO. 5AIO0 13 473

DyC2  13 935
Calcium Aluminum Oxide 5CaO" 3A 203 13 474

ErC, 13 935
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Material Name Vol. Page Material Name Vol. Page

GdC2 13 935 TiC + C 13 953

HfC 13 848 TaC + C 13 951

HoC2 13 935 TaC + WC 13 940

La2C3  13 935 ThC + UC 13 941

LaC2  13 935 UC + C 13 954

MoC 13 935 UC + ZrC 13 943

MoC 13 854 ZrC + C 13 957

Nd2 C3  13 936 ZrC + C 13 964

NdC, 13 935 Carbitex 100 13 1578

Nb 2C 13 936 Carbitex 700 13 1578

NbC 13 858 Carbon C

PUC 13 866 Glassy Carbon C 13 16

Pu2 C3  13 936 Diamond C 13 19

PrC2 . 13 936 Graphites (See Graphites) 13 24

SmC2  13 936 Carbon Disulfide CS2  13 1239

SiC 13 873 Carbon Steel 12 1131,
1133

TiC 13 891
Carbon Steel, SAE 1020 12 1167

WC 13 898
Carbonates

ThC2  13 886
CaCOs  13 637

Ta2 C 13 936
CoCO3  13 641

TaC 13 879

I FeCO3 13 642
Tb~s 13 936

MgCO 3  13 643
ThC 13 937

MnCO' 13 644
UC2  13 911

NICO 13 647
UC 13 902

Carneglete 13 728
UJPUC 13 917

Carpenter 20-CB Steel 12 1177
U2C3  13 913

Cassiterite 13 388
VC 13 922

Cast Iron 12 1131,
V2C 13 937 1134

YC2  13 937 Catalin 13 1512

Y2C3 13 937 CB Graphite 13 124

zCs 13 926 CBN Graphite 13 124

Carbide Mixtures Cellulose Acetate 13 1407

HfC + C 13 946 Cellulose proplonate 13 1408

I
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Material Name Vol. Page Material Name Vol. Page

CEP Graphite 13 124 TiC + Co 13 1341

Ceramag 7A 13 1284 TIC + Ni + EX 13 1319

Ceramag 9 13 1284 TiC + Steel Alloy T-420-G 13 1341

Ceramag 23B 13 1284 TiC + Steel Alloy T-520-G 13 1341

Ceramag 27 13 1284 WC + Co 13 1322

Ceramag 2817 13 1284 U0 2 + Cr 13 1342

Ceramag 7441 13 1284 U0 2 + Mo 13 1326

Ceramag Ceramics 13 1283 U0 2 + S.S. 13 1330

Ceramics UC + U 13 1.142

A120 + X i  13 1278 U0 2 + Zr 13 1342

BaO. TiO2  13 1280 USt s + W 3 1342

Ceramag Ceramics 13 1283 ZrB2 + Cr 13 1342

Pyroceram Ceramics 13 1287 ZrO2 + Ti 13 1333

Miscellaneous Ceramics 13 1291 ZrO2 + Zr 13 1337

Cerium Ce 12 53 Cerium Carbide Ce2 C2  13 935

Cerium Arsenide CeAs 13 752 Cerium Dicarbide CeC2  13 935

Cerium Monosulfide CeS 13 1239 Cerium-Indium Intermetallic Compound

Cerium (II) Sulfide CeS 3  13 1239 CeIN3  12 496,
498,

Cerium Sulfide CeS 13 1239 499

Cermats Cerium-Magnesium System 12 702,
703

A12 0 + Cl 13 1309 Cerium Dioxide CeO2  13 212
0 +Cerium-Palladium Intermetallic Compound

BeO + Be 13 1313
CePd3  12 497,

BeO + Be+ Mo 13 1341 498,
500

BeO + Be+ Si 13 1341
Cerium-Ruthenium Intermetallic Compound

Ceramag 74 13 1284
CeRu2 12 501

Ceramag 9 13 1284
Cesium Cs 12 60

Ceramag 23B 13 1284
Cesium Aluminum Metasilicate

Ceramag 27 13 1284 CsAl(SiO3 ) 2  13 709

Ceramag 2817 13 1284 Cesium Monobromide CsBr 13 801

Ceramag 7441 13 1284 Cesium Chloride CsCl 13 973

Gd2 O + Th 13 1341 Cesium Chloride Mixtures

HfqO + Fe 13 1317 CsCl + EX i 13 1015

Ti2 O + Ti 13 1341 Cesium Fluoride CsF 13 1076 1
I
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Material Name Vol. Page Material Name Vol, Page

Cesium Iodide Cal 13 1098 Chromium + Iron + EX1  12 1060

Cesium Sulfate Cs 2SO, 13 730 Chromium-Manganese System 12 714,
715

Ceylon Graphite 
13 129

Chromium-Molybdenum System 12 713,
CFW Graphite 13 56 716

CFZ Graphite 13 59 Chromium-Nickel System 12 714,
719

Chlorate NaCO, 
13 648

Chromium Oxide Cr 20 3  13 217
Chlorides

Chromium Silicide CrSi 13 1211
NH4 C1 13 968

Chromium Disilicide CrSi2  13 1211
CsCi 13 973

Trichromium Silicide Cr 3 Si 13 1195CsCl + i13 1015
Trichromium Disilicide Cr3Si2  13 1211

CoCI 2 " 6H2 0 13 1013

Chromium + Silicon + EXi  12 1064CuC1 13 1013
Chromium-Silicon System 12 721

FeC] 13 1013

Chromium Telluride CrTe 13 1248
PbCI2  13 977

Cerium-Thorium System 12 702,
PbFCl 13 1013 704

LiCl 13 979 Cerium-Tin Intermetallic Compound

MnC12'4H20 13 1013 CeSn3 12 504

KC1 13 982 Chromium-Tin System 12 725

KC1 + RbCl 13 1012 Chromium-Titanium System 12 726

RbCI 13 990 Chromium Tungsten Oxide Cr 20 . WO 13 586

AgC1 13 995 Chromium-Uranium System 12 728,
730,

NaC1 13 1000 731

SrCI2  13 1014 Chromium Vanadium Oxide Cr 20.V 20 5  13 595

TICI 13 1014 Chromium-Vanadium System 12 729,
730,

Chromium Cr 12 61 733

Chromium Diboride CrB, 13 796 Clinoenstatite 13 717

Trtichromium Dicarbide Cr 3 C 2  13 845 Cobalt Co 12 70

Chromium-Cobalt System 12 705 Cobalt Alloys (specific types)

Chromium Complex Oxides Elgiloy 12 1067,
1069/MgO.Cr

2O 13 486 Haynes Stellite HE 1049 12 1070
ZrO2 . Cr 2 3  13 490

Nivco Alloy 12 1085,
Chromium-Iron Intermetallic Compound 1087

CrFe 12 507 Stellite 3 12 1067,
1069

Chromium-Iron System 12 707
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Stellite 6 12 1067, Cobalt-Palladium System 12 747,
1069 752

Stellite 21 12 1067, Cobalt Orthorphosphate Co 3 (PO4)2  13 689
1069

Cobalt-Platinum System 12 754
Stellite 23 12 1067,

1069 Cobalt Orthosilicate Co 2SiO4  13 727

Stellite 25 12 1067, Cobalt Silicide CoSi 13 1211
1069

Tricobalt Silicide Co3Si 13 1211
Stellite 27 12 1067,

1069 Cobalt-Tantalum System 12 755

Stellite 30 12 1067, Cobalt Titanium Oxide CoO. TiO2  13 563
1070

Cobalt-Titanium System 12 756
Stellite 31 12 1067,

1070 Cobalt-Tungsten System 12 757

Cobalt Boride Co 2B 13 796 Cobalt-Vanadium System 12 761

Cobalt Carbonate CoCO3  13 641 Cobalt-Yttrium Intermetallic Compounds

Cobalt Dichloride CoCl 2 . 61120 13 1013 C0 17Y2  12 513,
515,

Cobalt + Chromium + EX 12 1067 516

Cobalt-Dysprosium Intermetalllc Co 5 Y 12 514,
Compound 517

Co2Dy 12 508, Cobalt-Zirconium System 11 762
510,
511 Cominco 69 , ;" 395

Cobalt, Electrolytic 12 73 Composites

Cobalt Fluoride CoF 2  13 1076 Asbestos/Phenolic Resin 13 1524

Cobalt-Gadolinium Intermetallic Compound Asbestos Reinforced Phei.Alic 13 1525

Co 2Gd 12 509, Asbestos-Phenolic 9526D Laminate 13 1525
510,
512 Asbestos/Teflon 13 1530

Cobalt-Gold System 12 735 Boron Fiber/Epoxy Resin 13 1531

Cobalt + Iron + EX 12 1073 Boron/Avco 5505 13 1533

Cobalt-Iron System 12 736 Carbitex 100 13 1578

Cobalt-Manganese System 12 744, Carbitex 700 13 1578
745

Courtaulds HMS, Pseudo-Random 13 1584
Cobalt-Molybdenum System 12 743,

744, Courtaulds HMS/Hercules 3002M 13 1584
746

Glass Fabric/Epoxy Resin 13 1537
Cobalt + Nickel + E12 08 Glass Fabric/Polyester Resin 13 1542

Cobalt-Nickel System 12 747
Glass Fiber/Epoxy 13 1547

Cobalt-Niobium System 12 747,
751 Glass Fiber Reinforced Phenolic 13 1560

Cobalt Oxide CoO 13 221 Glass Fiber/Phenolic Resin 13 1559

4
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Glass Fiber/Phenyl Silane Resin 13 1568 Russian Alloy AZhMta 12 1092

Glass Fiber/Silane Resin 13 1567 Russian Alloy BrAZh 12 1092

Graphite Fabric/Phenolic Resin 13 1568 Russian Alloy BrAZbN 12 1092

Graphite-Cloth Laminate 13 1569 Russian Alloy BrB2  12 1097

Graphite Fabric/Carbon 13 1576 Russian Alloy BrKMts 3-1 12 1107,
1109

Modmor HI/Narmco 3206 13 1585
Russian Alloy Br OF 10-1 12 1112

Nylon Fabric/Phenolic Resin 13 1600
Russian Alloy L62 12 1117

Potassium Titanti m Oxide .:iber'
Epoxy Resin 13 1605 Russian Alloy LK80-3L 12 1117

Silicon Dioxide Fiber/Pbtowic Russian Alloy LS59-1 12 1116
Resin 13 1608

Russian Alloy LZhMts 59-1-1 12 1117
O V/R 13 1612

Tempaloy (soft) 12 1105

Phenolic Refrasil 13 1610
Tempaloy 836 12 1103

RAD-60 13 1612 1105

Constantan 12 781 Tempaloy 841 12 1089,
1091

Copoly(ethylene-propylene) 13 1440 Copper + Aluminum + DX i  12 1089

Copoly (1. 1-Difluoroethylene-Hexafluoro-

propene) 13 1460 Copper + Beryllium + EX 1  12 1095

Copoly( vinyl chloride-vinyl acetate) 13 1495 Copper Bromide CuBr 13 838

Copper Cu 12 77 Copper Chloride CuCl 13 1013

Copper, Electrolytic 12 80 Copper-Gold Intermetallic Compound

Copper, Single Crystal 12 80 CuAu 12 5199
520

Copper, Standard Reference Material 736 12 82 522

Copper Alloys (specific types) Copper-Gold System 12 763

Aterite 12 1105 Copper-Gold-Iodine Intermetallic Compound

Berylco 25 12 1097 CusAuI 12 518
520

Brass 12 1116 521

Brass, 70/30 12 1116 Copper Indium Telluride CuInTe2  13 1270

Brass, Manganese 12 1116 Copper-Indium System 12 768

Brass, Red 12 1116 Copper Iodide CuI 13 1122

Brass, Yellow ASTMB16 12 1116 Copper-Iron System 12 768,
771

Bronze 12 1110,
1112 Copper + Lead + EX 12 1098

Bronze, Aluminum 12 1091 Copper-Magnesium Intermetallic Compound

Bronze, Phospher 12 1112 CujMg 12 523

Nickel Silver Alloy 12 1105, Copper-Magnesium System 12 767,
1114, 768,
1116 712
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Copper + Manganese + LA 1  12 1102 Delrin Acetal DA-500 13 1479

Copper-Manganese System 12 773 Deuterium Oxide D20 13 224

Copper-Molybdenum System 12 779, Diamond C 13 19
780

Dilver 0 12 710
Copper + Nickel + X 12 1103

SDiopside 13 708

Copper-Nickel System 12 778,
779, Drakenfeld 13 554
781

Duralumin 12 1015,
Copper, OFHC Polycrystalline 12 80 1016

Pentacopper Silicide Cu 5Si 13 1211 Dysprosium Dy 12 92

Quindecicopper Tetrasilicide -Cuj5 Si 4  13 1212 Dysprosium Aluminum Garnet 13 476

Copper-Silicon + EX i  12 1107 Dysprosium Aluminum Oxide Dy2OC. 2A1203  13 475

Copper + Tin + E.X 12 1110 Dysprosium Aluminum Oxide
3Dy 2O3 - SA1201  13 476

Copper-Tin System 12 788,
790 Dysprosium Dodecaboride DyB 12  13 793

Copper-Tungsten System 12 789, Dysprosium Carbide DyC 2  13 935
790,
795 Dysprosium Niobium Oxide Dy2 O3 " NbO 5  13 525

Copper + Zinc + E 1  12 1114 Dysprosium Oxide Dy 2Oq 13 227

Copper-Zinc Intermetallic Compounds Dysprosium + Tantalum + EXi  12 1120

Cu1 Zn 8  12 524 Dysprosium-Tantalum System 12 804

Cu-Zn 12 525 EH Graphite 13 125

Cu2 tZnT 12 525 Enstatite 13 717

Cu6" 7Zn6 3. 3  12 524 Electrolytic Cobalt 12 73

copper-Zinc System 12 796 Electrolytic Copper 12 80

Cordierite 13 727 Electrolytic Iron 12 163

Corning 0080 Glass 13 1360 Elektron Amt 12 1209

Corning 1173 Glass 13 1361 Elgiloy 12 1067,
1069

Corning 7570 Glass 13 1362
Epon 815 13 1504

Corning 9606 Glass 13 1363
Epon 828 13 1502

Corundum 13 179,
182, Epoxy Resin 13 1502
183

Epoxy Rubber 13 1520
Courtaulds HMS, Pseudo-Random 13 1584

EPR Rubber 13 1520
Courtaulds HMS/Hercules 3002M 13 1584

Erbium Er 12 98
Cristobalite 13 353

Erbium Dodecaboride ErB 2  13 755
CS 312 Graphite 13 124

Erbium Carbide ErC2  13 935
Cubex 12 870

Erbium Oxide Er 2 O3 13 231LII
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Europium Eu 12 104 ZnF2  13 1071

Europium Monoxide EuO 13 235 Fluorite 13 1027

Europium Oxide Eu2 3  13 236 Fluoro Plast IV 13 1446

Europium Selenide EuSe 13 1192 Fluorothene 13 1442

Europium Sulfide EuS 13 1239 Forsterite 13 720

Experimental Grade Graphite 13 64 FP-175B 12 680

EY-9 Graphite 13 125 Gadolinium Gd 12 107

Fayalite 13 710 Gadolinium Carbide GdC2  12 935

Fernichrome 12 1177, Gadolinium-Indium Intermetallic Compound
1178

GCdIfn 12 526,
Fernico Steel 12 1178 529,

530
Florida Zircon 13 725

Gadolinium-Iron Intermetallic Compound
Fluon 13 1446

Gd2 Fe17  12 527,
Fluorides 529,

531
BaF 2  13 1021

Gadolinium Molybdenum Oxide
BaF 2 + CaF 2  13 1074 Gd2O3. 3MoOi 13 520

CdF 2  13 1076 Gadolinium Oxide GdO3  13 239

CaF 2  13 1025 Gadolinium Oxide + Terbium Gd2 O3 + Th 13 1341

CsF 13 1076 Gadolinium-Palladium Intermetallic
Compound

CoF 2  13 1076
GdPdi 12 528,

FeF 2  13 1030 529,
532

LaF3  
13 1032

Gallium Ga 12 115
PbF2  13 1034

Gallium Arsenate GaAao4  13 619
LiF 13 1036

Gallium Arsenide GaAs 13 747
LIF + NiF 2  13 1075

Gallium Orthophosphate GaPO4  13 690
MgF 2  13 1043

Gallium Phosphide GaP 13 1168
MnF 2  13 1048

Gallium-Nickel Intermetallic Compound
NiF 2  13 1052

GaNi 12 533
KF 13 1056

Gallium-Plutonium System 12 807
RbF 13 1076

Gallium Selenide Ga2Se% 13 1192
RbMnF, 13 1076

Gallium-Silver Intermetallic Compound
NaF 13 1060

GaAg, 12 536
NaBF 4  13 1076

GBE Graphite 13 68
SrF2  13 1065

GBH Graphite 13 71
TIF 13 1069

I
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Gehlenite 13 727 Borosilicate Glass Pyrex 7740 13 1356

Germanium Ge 12 116 Calcium Borate Glass CaO-B2 03  13 1358

Germanium Complex Oxides Corning 0080 Glass 13 1360

2PbO.GeO2  13 491 Corning 1170 Glass 13 1361

Li 20- GeO2  13 494 Corning 7570 Glass 13 1362

Li20 7GeO2  13 494 Corning 9606 Glass 13 1363

2Li2O. Ge0 2  13 494 Jena Glass 13 1364

3Li20 2GeO2  13 494 Lime Glass 13 1366

3Li20. 8GeO2  13 494 Pyrex Glass 13 1369

2MgO- GeO2  13 497 Pyrex G702-EJ 13 1371

K20 2GeO2  13 498 Pyrex, Ordinary 13 1371

K2O-7Ge0 2  13 498 Pyrex 7740 13 1371

3K 20 llGeO2  13 498 Soda, Lime C, G, W, Code 0080 13 1360

2ZnO GeO2  13 500 Sodium Borate Glass Na 2O-B 2 3  13 1377

Germanium-Lanthanum Intermetallic Sodium Silicate Glass Na2O-Si02  13 1379
Compound

Strontium Borate Glass SrO-B 3  13 1386
GeLa 12 537

Vycor-Brand Glass No. 790 13 1356
Germanium-Magnesium Intermetallic

Compound Glass Fabric/Epoxy Resin Composite 13 1537

GeMg2  12 538 Glass Fabric/Polyester Resin Composite 13 1542

Germanium Dioxide (Quartz type) GeO2  13 243 Glass Fiber/Epoxy Composite 13 1547

Germanium Dioxide (Rutile Type) GeO2  13 247 Glass Fiber/Phenolic Resin Composite 13 1559

Germanium-Praseodymium Intermetallic Glass Fiber/Phenyl Silane Resin Composite 13 1568
Compounds

Glass Fiber Reinforced Phenolic 13 1560
Ge2Pr 12 539,

542, Glass Fiber/Silicone Resin Composite 13 1567
543

Glassy Carbon C 13 16
GePr 12 540,

542, GLI-S4 Great Lakes Impervious Graphite 13 125
544

Gold Au 12 125
Ge3Pr 5  12 541,

542, Gold-Indium System 12 809
545

Gold-Manganese Intermetallic Compounds
Germanium Telluride GeTe 13 1270

Au4Mn 12 546
Glasses

AutMn 12 547
Arsenic-Selenium Glass As-Se 13 1346

AuMn 12 550
Barium Borate Glass BaO-BO3  13 1349

Gold-Palladium System 12 812
Boric Oxide Glass B20 3  13 1352

Gold-Platinum System 12 817
Borosilicate Glass NO3-SiO 2 13 1355
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Gold + Silver + EX 12 1121 CA 13 124

Gold-Silver System 12 821 CB 13 124

Gold-Vanadium Intermetallic Compound CBN 13 124

Au4 V 12 552 CEP 13 124

Gold-Zinc Intermetallic Compound Ceylon 13 129

AuZn 12 554 CFW 13 56-
58

Grade A Nickel Alloy 12 1249
C FZ 13 59.

Graphites 63

49 B-2 13 129, CS 312 13 124,
130 125

50 B-1 13 130 EH 13 125

50 D-1 13 130 Experimental 13 64-
67

50 I-1 13 130
EY-9 

13 125
896G 13 123

GBE 13 68-

942S 13 123 70

3474D 13 24- GBH 13 71.
26 74

3499 13 27- GLI-S4 Great Lakes Impervious 13 125
32

H 205 13 125
7087 13 33-

36 H 249 13 125

A 13 37- H3LM 13 125,
41 126

AAQ-1 13 130 JTA 13 126

AGKSP 13 123 MHLM 13 126

AGOT 13 123 Natural Ceylon 13 126

AGR 13 123 n V5G Great Lakes 13 125

AGX 13 123, P-03 13 126,
124 127

Artificial 13 129 PGX 13 126

ATL 13 124 Poco 13 75-
78

ATJ 13 42-
47 Pyrolytic 13 79-

88
AXM-5Q 13 75-

78 RT0029 13 89-
92

B 
13 48-

51 RVA 13 93-
96

B-2 Great Lakes End-Caps 13 125
RVC 13 97-

C 13 52- 100

. ..
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RVD 13 101- Hafnium Orthosilicate -fSiO 13 727
106

Hafnium Tantalum Oxide 6HfO2. Ta2O 5  13 534
SX-5 13 127

Hafnium-Zirconium System 12 822
TS-574 13 127

Halon G-80 13 1445
TS-835 13 127

Halveg Elastomer 13 1520
TSX 13 127,

128 Hastelloy B 12 1245,
1247

W 13 128
Hastelloy C 12 1245,

ZTA 13 107- 1247
114

Hastelloy N 12 1245,
ZTB 13 115- 1247

118
Hastelloy R-235 12 1219

ZTC 13 119-
121 Hastelloy X 12 1216,

1219
ZTD 13 128

Haynes Stellite HE1049 12- 1070
ZTE 13 128,

129 Holmium Ho 12 138

ZTF 13 129 Holmium Dodecaboride HoB 2  13 763

Graphite-Cloth Laminate 13 1569 Holmium Carbide HoC 2  13 935

Graphite Fabric/Carbon Composite 13 1576 Holmium Oxide Ho2Oq 13 257

Graphite Fabric/Phenolic Resin Composite 13 1568 Holmium-Zinc Intermetallic Compound

Graphite Fiber/Epoxy Resin Composite 13 1582 HoZn 2  12 557

Graphitized Carbon 13 130 Hycar 4021 Rubber 13 1423

Gray Tin 12 341 Hydrides

H3LM 13 125 LiH and LiD 13 1079

H205 Graphite 13 125 Lull and LuD 13 1083

H249 Graphite 13 125 Till and TID2  13 1085

Hafnium Hf 12 134 TiH 13 1088

Hafnium Diboride HfB2 13 758 VH 13 1089

Hafnium Carbide HfC 13 848 YbH2  13 1091

Hafnium Carbide + Carbon HfC + C 13 946 ZrH2  13 1093

Hafnium Complex Oxides Hydrogen Oxide H20 13 261

CaO. HfO1  13 501 Hypalon 5-20 13 1434

SrO. HfO2  13 502 HZ-32A 12 1208,
1212

Hafnium Nitride HfN 13 1162
Ice 13 261

Hafnium Dioxide HfO2  13 251
Inoo 713C 12 1219

Hafnium Dioxide + Iron HfO2 + Fe 13 1317
Inconel 12 1219
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Inconel 600 12 1216, Invar 36 12 1183
1220

Invar 12 852,
Inconel 625 12 1220 853,

1175,

Inconel 718 12 1220, 1178
1221 1182

Inconel 750 12 1221 Iodate NaIO4  13 652

Inconel HiC 12 1220 Iodides

Inconel Low C 12 1220 Cd 2  13 1122

Inconel Med. C 12 1220 Cal 13 1098

Inconel X 12 1221 Cur 13 1122

Inconel X750 12 1216, PbClI 13 1122
1221

PbI2  13 1122

Indium In 12 143 HgI2  13 1122

Indium Arsenide InAs 13 752 KI 13 1102

Indium Gallium Phosphide InGaP 13 1183 RbI 13 1109

Indium-Lead System 12 827 AgI 13 1114

Indium Oxide In2 O 13 267 Nal 13 1116

Indiun -Palladium Intermetallic Compound TlBr + TII 13 1123

In8Pd 12 561
563, TiI 4  13 1122
564

Iridium Ir 12 153
Indium Phosphide InP 13 1183 Iridium + Osmium + Xi  12 1122

Indium-Praseodymium Intermetallic 1126
Compound 1127

IntPr 12 562, Iridium-Osmium System 12 836
563,
565 Iridium Dioxide Ir0 13 270

Indium-Silver System 12 826, Iridium-Platinum System 12 836
827, 838
830 Iridium + Platinum + EX 12 1123

Indium Telluride InTes 13 1270 1126
1128

Indium-Thallium System 12 832 Iridium +Rhenium + Xl 12 1124

Indium-Tin System 12 835 1126
1129

Indium-Yttrium Intermetallic Compound
Iridium-Rhenium System 12 836

In3 Y 12 567, 839
568,
570 Iridium-Rhodium System 12 836

840

Indium-Ytterbium Intermetallic Compound Iridium + Rhodium + Xi 12 1125

INYb 12 566, 1126
568, 1130
569

L Iron Fe 
12 157

I mm mmmmm mm m m mm
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Iron, Armco 12 160, AISI 410 12 1138,
163, 1144
164

AISI 416 12 1138,
Iron, Electrolytic 12 163 1144

Iron Alloys (specific types) AISI 420 12 1138,
1144

15-5 PH 12 1141
AISI 422 12 1138,

17-4 PH 12 1138, 1145
1141

AISI 430F 12 1138,
17-7 PH 12 1138, 1145

1141,
AISI 440C 12 1138,

18NiCoMo Steel 12 1175, 1145
1177

AISI 446 12 1138,
20Cr- 25Ni 12 1186 1145

35G18 12 1167, AISI 455 12 1145
1168

AISI 633 (AM-35) 12 1145
40G5 12 1165,

1169, AISI 4340 12 1177
1170

AISI C 1010 12 1167
40N7 Steel 12 1185

AISI H-I 12 1146
45G10 12 1167

AM-35 (A!1I 633) 12 1145
2800 Steel 12 1177

AM-335 12 1145

A-286 Steel 12 1177
AM-362 12 1145

AFC-77 12 1145
AM-363 12 1145

AISI 301 12 1138,
1141, AMS-6487 (AISI H-11) 12 1146
1142

Armco 21-6-9 12 1148
AISI 302 12 1138,

1142 Ascoloy 12 1148

AISI 303 12 1138, Austenite 18Cr - 10Ni 12 1138,
1142 1147

AISI 304L 12 1138, Carbon Steel 12 1131,
1142 1133

AISI 310 12 1138, Carpenter 20-CB Steel 12 1177
1142 Cast Iron 

12 1131,
AISI 316 12 1138, 1134

1143
Fernichrome 12 1177,

AISI 321 12 1133, 1178
1143

Fernico Steel 12 1178
AISI 330 12 1177

Invar 12 1178-
AISI 347 12 1138, 1182

1143,
1144 Invar 36 12 1183

AISI 406 12 1138, Kromare 55 12 1183
1144
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Maraging Steel 12 1183 Iron + Carbon + EX 12 1131

Multimet, Low C 12 1146 Iron Carbonate FeCO3  13 642

Multimet, Med C 12 1146 Iron (I) Chloride FeC13  13 1013

Nilo 36 12 1187 Iron + Chromium + LX1  12 1138

Nilo 40 12 1187 Iron + Cobalt + EX 12 1158

Ni Span 12 118 q  Iron Complex Oxides

Ni Span C 12 118i CaO. FeAO3  13 503

PH14-8Mo 12 1146 2CaO. Fe2 O3  13 506

Russian Alloy 1Kh18N9T 12 1138, 4CaO. A120o Fe2Os  13 509
1141

MgO. 2FeO 13 510
Russian Alloy 15KhM 12 1141

MgO- Fe2Oq 13 513
Russian Alloy 18Kh2N4VA 12 1187 Iron +Copper +DC'. 12 1162

Russian Alloy EI-572 12 1138,

1147 Iron Difluoride FeF2  13 1030

Russian Alloy EI-606 12 1138, Iron-Lutetium Intermetallic Compound
1147

Fe17 Lu2  12 571
Russian Alloy EI-802 12 1145 Iron + Manganese + ; i 12 1165

Russian Alloy EP-479 12 1145

Iron-Manganese System 12 841
Russian Alloy Kh12M 12 1148

Iron-Molybdenum System 12 845
Russian Alloy Kh15N24T2 12 1186

Iron + Nickel + LX 2 17

Russian Alloy Kh7N2 12 1186 I 12 1175

Iron-Nickel Intermetallic Compound
Russian Alloy Kh17N7Yu 12 1138,

1186 FeNis  12 574

Russian Alloy Kh21G7ANS 12 1148 Iron-Nickel System 12 848

Russian Alloy N25Kh2T2 12 1185 Iron Monoxide FeO 13 271

Russian Aloy N25Kh2T3 12 1185 Iron Oxide Fe2Oq 13 274

Russian Alloy OKhN3M 12 1187 Triiron Tetraoxide FeO 4  13 278

SAE 1010 12 1165, Iron Phosphide Fe3 P 13 1183
1167

Iron-Platinum System 12 861
SAE 1020 (carbon steel) 12 1165,

1167 Iron-Rhodium Intermetallic Compound

Superinvar 12 1182, FeRh 12 575
1183

Iron-Rhodium System 12 864
Iron Boride Fe 2B 13 796

Iron Orthosilicate Fe2 SiO4  13 710

Iron Calcium Dimagnesium Metasilicate

FeCaMg2 (Siq) 4  13 710 Iron Silicide FeSi 13 1212

Ditron Calcium Magnesium Orthosilicate Iron Disilicide FeSi 2  13 1212
Fe2 CaMg( S i O04) 2 13 710

Iron (III) Silicide Fe3 Si 13 1212
Iron Calcium Orthosilicate FeCaSiO4 13 710
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Iron-Silicon System 12 868 Lead Pb 12 178

Iron + Tungsten + EX 12 1199 Lead Aluminum Oxide PbO. AI2O3  13 478

Iron-Yttrium Intermetallic Compound Lead Boron Silicate Pb5B2 SiO 0  13 711

Fe17 Y2  12 576 Lead Bromide PbBr2  13 806

Irtran 1 13 1045 Lead Chloride PbCI2  13 977

Irtran 3 13 1027 Lead Chloroiodide PbClI 13 1122

Irtran 5 13 291 Lead Complex Oxide

Irtran 6 13 1245 SrO PbO2  13 516

Jena Glass 13 1364 Lead Difluoride PbF2  13 1034

JTA Graphite 13 126 Lead Fluorochloride PbFCI 13 1013

Kennametal, K13aA 13 1341 Lead Germanium Oxide 2PbOo GeO2  13 491

K monel 12 1232 Lead Germanium Telluride PbGeTe 13 1271

Kromare 55 12 1183 Lead Ditodide PbI2  13 1122

KRS-6 13 1015 Lead Iron Tungsten Oxide
3PbO. Fe2O2 . W0 3  13 590

Krypton Kr 13 139

Lead-Lithium Intermetallic Compound
L5 12 1053

PbLi 12 584

L Nickel 
12 227

Lead Phosphate Pb5P,05 13 674
Laminac 4129 13 1512

Lead Metaphosphate Pb(PS) 2 13 674
Lanthanum La 12 173

Lead Orthophosphate Pb3 (PO4 )2  13 674Lanthanum Carbide LaC2  13 935
Lead Pyrophosphate Pb2 1P2 O 7  13 674

Dilanthanum Tricarbide La 2C3  
13 935

Lead Tetraphosphate Pb2 P4 O1 3  13 674

Lanthanum Trifluoride LaF3  13 1032 Lead Siliate Pb4 SIO6  
13 71

Lanthanum Oxide La2 O3  
13 282

Lead Silicates
Lanthanum-Ruthenium Intermetallic

Compound PbSiO2  13 711

LaRu2  12 579, Pb2SiO4  13 711
581,
582 Pb4 SiO 13 711

Lanthanum Selenide La 2Se3  13 1192 PbAB2 SiOlo 13 711

Lanathum Silicide LaS12 13 1212 Lead Metasilicate PbSiO, 13 711

Lanthanum Sulfide La2S3  13 1239 Lead Orthosilicate Pb2 SIO4  13 711

Lanthanum Monosulfide LaS 13 1239 Lead Tantalum Oxide PbO. Ta2O, 13 535

Lanthanum Telluride LaTe 13 1270 Lead Tantalum Oxide 2PbO• Ta2 O5  13 537

Lanthanum-Tin Intermetallic Compound Lead Tantalum Oxide 3PbO. 2Ta2O5  13 538

LaSn 12 580, Lead Telluride PbTe 13 1250
581,
583 Lead-Thallium System 12 876

mm m mmm m mmmm-mm m1
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Lead-Tin System 12 872 Lutetium Dodecaboride LuB 2  13 793

Lead Titanium Oxide PbO. TiO2  13 564 Lutetium Deuteride LuD 13 1083

Lead Tungsten Oxide PbO.W01  13 587 Lutetium Hydride Lull 13 1083

Lead Zirconium Oxide PbO ZrO2  13 606 Lutetium Oxide Lu2O3  13 285

Lexan 13 1405 M252 12 1221

Lime Glass 13 1366 Magnesio-Ferrite 13 513

Lithium Li 12 186 Magnesio-Wlustite 13 510

Lithium Aluminum Orthosilicate Magnesium Mg 12 194
LiASiO4  13 713

Magnesium Alloys (specific types)
Lithium Bromide LiBr 13 836

AN-M-29 12 1204
Lithium Chloride LICI 13 979

ASTM B 80 HZ-32A 12 1208,
Lithium Deuteride LiD 13 1079 1212

Lithium Fluoride LiF 13 1036 ASTM B 80 ZH-62A 12 1213

Lithium Fluoride + Nickel Fluoride ASTM B 90 HM-21A 12 1212
LiF + NiF 2  13 1075

AZ-31A 12 1202,
Lithium Germanium Oxide L12O* GeO2  13 494 1204

Lithium Germanium Oxide Li2O- 7GeO2  13 494 Elektron Amt 12 1209

Lithium Germanium Oxide 2Li2 O- GeO2  13 494 HZ-32A 12 1208,
1212

Lithium Germanium Oxide 3L12Q* 2GeO2  13 494
ZH-62A 12 1213

Lithium Germanium Oxide 3LiO. 8GeO2  13 494 Magnesium + Aluminum + l'X. 12 1202
Lithium Hydride LiH 13 1079 1

L Magnesium Aluminum Oxide MgO. A120q 13 479
Lithium Hydrozinium Sulfate

Li(N 2H) S04 13 734 Magnesium Aluminum Silicate
Mg2Al 4Si5O 18 13 727

Lithium Niobium Oxide Li 2O Nb 20 5  13 526
Magnesium Carbonate MgCO 13 643

Lithium Silicate Li 2Si 2O5 13 713
Magnesium Chromium Oxide MgO-Cr2 O 13 486

Lithium Silicates

Magnesium + Copper + EX 12 1207,
Li 2Si20 5  13 713 1210,

1211
L 4 SiO, 13 713

Magnesium Ferrite 13 513
LiA1SIO4  13 713

Magnesium Fluoride MgF 2  13 1043
Lithium Orthosilicate Li4 SiO4  13 713

Magnesium Germanium Oxide 2MgO- GeO2  13 497
Lithium Sulfate Li2SO4  13 731

Magnesium Iron Oxide MgO.2FeO 13 510
Lithium Tantalum Oxide Li 20" Ta20 5  13 539

Magnesium Iron Oxide Mg(' "7e2O3  13 513
Lo-Ex 12 1046

Magnesium Lead Tungsten Oxide
Lockalloy 12 1057, MgO" 2PbO. W03  13 591

1059
Magnesium-Manganese System 12 870

Lueim Lu 12 190

LutetiumIl~lN ~mml~ mm
-
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Magnesium-Nickel System 12 877, Manganese Arsenide MnAs 13 752
878,
880 Manganese Bromide Tetrahydrate

MnBr 2 4H20 13 808
Magnesium Niobium Oxide MgO. Nb20 5  13 531

Manganese Bronze 12 1116

Magnesium Niobium Oxide 2MgO. Nb205 13 531

Manganese Carbonate MnCO3  13 644
Magnesium Niobium Oxide 3MgO. Nb2 0 5  13 531

Manganese Dichloride Tetrahydrate
Magnesium Niobium Oxide 4MgO- Nb20 5  13 531 MnCl 2 . 4H20 13 1013

Magnesium Oxide MgO 13 288 Manganese Fluoride MnF2  13 1048

Magnesium Metaphosphate Mg( PO3 ) 2  13 690 Manganese-Mercury Intermetallic
Compound

Magnesium Metasilicate MgSiC3 13 715-
717 MnHg 12 591

Magnesium Orthosilicate Mg 2SiO 4  13 718 Manganese-Nickel Intermetallic Compound

Magnesium Silicide Mg 2Si 13 1212 MnNi 12 592

Magnesium-Silver Intermetallic Compound Manganese-Nickel System 12 892,
894,

MgAg 12 585 895

Magnesium-Silver System 12 881 Manganese Dioxide MnO 2  13 305

Magnesium + Thorium + 12 1208, Manganese Monoxide MnO 13 3021210,

1212 Dimanganese Trioxide Mn2 C3 13 308

Magnesium-Tin Intermetallic Compound Manganese-Palladium Intermetallic
Compound

Mg 2Sn 12 588 MnPd 12 593
Magnesium-Tin System 12 884 Manganese Phosphide MnP 13 1172
Magnesium Titanium Oxide MgO. 2TiO2  13 567~Manganese-Platinum Intermetallic

Magnesium Titanium Oxide 2MgO. TiO2  13 568 Compounds

Magnesium-Uranium System 12 889 MnsPt 12 594

Magnesium + Zinc + 12 1209, Mn3 . 09Pt0. 91  12 5941210,

1213 MnPt 12 595

Magnesium-Zinc System 12 888, Manganese Metasilicate MnSi03 13 727
889,
891 Manganese Silicide MnSi 13 1212

Magnox A-12 12 649 Manganese-Silver System 12 893,
894

Magnox C 12 649 897

* Makrolon 13 1405 Manganese (f) Sulfide MnS 13 1225

Malleable Nickel 12 852, Manganese Telluride MnTe 13 1253
853

Manganese-Titanium System 12 894,
Mallory 1000 12 1297, 898

1299
Maraging Steel 12 1183

Manganese Mn 12 201 Maraglas 13 1505

Manganese Aluminum Oxide MnO.AI20 3 13 483
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Marlex 50 13 1430 Molybdenum-Titanium System 12 910

Marlex 5095 13 1429 Molybdenum-Tungsten System 12 915

Marlex 6001 13 1429 Molybdenum-Uranium System 12 919

Marlex 6002 13 1429 Molybdenum-Vanadium System 12 923

Marlex 6009 13 1429 Monel 12 1230,
1232

Mercury Hg 12 206
Monel 400 12 1232

Mercury Diiodide HgI2  13 1122
Monel K 12 1232

Mercury Selenide HgSe 13 1192 Monel S 12 1232,

Mercury Telluride HgTe 13 1256 1233

Merlon 13 1405 Monticellite 13 708

Merwinite 13 708 Morganite Alumina 13 180

MHLM Graphite 13 126 Multimet, Low C 12 1146

Modmor II/Narmco 5206 13 1585 Multimet, Med. C 12 1146

Molybdenum Mo 12 208 Mylar 13 1438

Molybdenum Diboride MoIl2  13 796 Natural Ceylon Graphite 13 126

Molybdenum Carbide MoC 13 935 Natural Rock Salt 13 1003

Dimolybdenum Carbide Mo 2C 13 854 Nb-132 12 1255

Molybdenum Complex Oxides Nb-752 12 1259,
1261

CaO. MoO 3  13 517
Nb - Mo - 5V - Zr 12 12s0,

Gd 20 3 3MoO3 13 520 1252

Na20' La20 4MoO 13 521 Neodymium Nd 12 219

SrO. MoO3  13 522 Neodymium Carbide NdC 2  13 935

Molybdenum-Nickel System 12 899 Dineodymium Tricarbide Nd2C 3  13 936

Molybdenum-Niobium System 12 900 Neodymium Oxide Nd2 O3 13 315

Dimolybdenum Trioxide Mo2O3  13 311 Neodymium Selenide Nd 2Se3  13 1192

Molybdenum-Rhenium System 12 904 Neodymium Sulfide Nd2S3 13 1240

Molybdenum-Selenium System 12 907 Neodymium Monosulfide NdS 13 1239

Molybdenum Disilicide MoSi 2  13 1198 Neon Ne 13 144

Molybdenum Trisilicide MoSi4 13 1212 Neoprene Rubber 13 1514

Trimolybdenum Silicide Mo 3Si 13 1212 Neptunium Nitride NpN 13 1162

Pentamolybdenum Trisilicide MosSih 13 1212 Neptunium Phosphide NpP 13 1183

Molybdenum Disulfide MoS 2  13 1239 Neromet 42 12 853

Molybdenum-Tellurium System 12 907, Ni Span 12 1183
909 NI Span C 

12 1183
Molybdenum + Titanium + ZXi 12 1214
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Nickel Ni 12 225 Monel K 12 1232

Nickel, Electrolytic 12 227, Monel S 12 1232,
748 1233

Nickel, Mond 12 228 Mond Nickel 12 228

Nickel A 12 227, Nickel A 12 1243
1243

Nilo 50 12 1238
Nickel L 12 227

Nimonic 80 12 1216,

Nickel S 12 228 1221

Nickel Alloys (specific types) Nimonic 90 12 1216

Grade A 12 1249 Rene 41 12 1216,
1222

Hastelloy B 12 1245,
1247 Russian Alloy EI-607 12 1222

Hastelloy C 12 1245, Russian Alloy EI-617 12 1222
1247

Russian Alloy EI-929 12 1227,

Hastelloy N 12 1245, 1229
1247 S Monel 

12 1232,

Hastelloy R-235 12 1219 1233

Hastelloy X 12 1216, S Nickel 12 228
1219

Udimet 630 
12 1222

Inco 713C 12 1219 Udimet 700 
12 1229

Inconel 12 1219 Nickel + Aluminum + LXi  12 1215
Inconel 600 12 1216,

1220 Nickel Aluminum Oxide NiO. Al12O 13 484

Inconel 625 12 1220 Nickel Carbonate NiCO3  13 647

Inconel 718 12 1220, Nickel + Chromium + EX 12 1216
12211 Nickel + Cobalt + LX1  12 1227

Inconel 750 12 1221 Nickel + Copper + EX 12 1230
Inconel Low C 12 1220 Nickel Fluoride NiF 2  13 1052
Inconel Med. C 12 1220 Nickel + Iron + EX i  12 1236
Inconel High C 12 1220

Nickel + Manganese + EX i  12 1241
nconel X 12 1221 Nickel + Molybdenum + EX i  12 1245

Inconel X750 12 1216,
1221 Nickel-Niobium Intermetallic Compound

K Monel (Monel K) 12 1232 NIsNb 12 596

L Nickel 12 227 Nickel Oxide NIO 13 319

M 252 12 1221 Nickel-Palladium System 12 926

Monel 12 1230, Nickel-Platinum System 12 930
1232 Nickel Orthosilicate Ni 2SIO 4  13 727

Monel 400 12 1232
Dinickel Silicide NI 2Si 13 1212

I IK4
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Nickel + Silicon + EX 12 1249 Niobium Complex Oxides

Nickel-Silicon System 12 932 Dy2O3. Nb20 5  13 525

Nickel Silver Alloy 12 1105, Li2 O. Nb2 O5  13 526
1114,
1116 MgO.Nb2O 13 531

Nickel-Tin System 12 935 2MgO- Nb2O5  13 531

Nickel-Titanium Intermetallic Compound 3MgO. Nb 2 05  13 531

NiTi 12 597 4MgO. NbNO 5  13 531

Nickel-Titanium System 12 938 K20, Nb 2 O5  13 532

Nickel Titanium Oxide NiO* TiO2  13 569 Na20" Nb2 05  13 533

Nickel-Tungsten System 12 941 Niobium + Molybdenum + EX1  12 1250

Nickel-Vanadium System 12 943 Niobium Nitride NbN 13 1162

Nickel-Yttrium Intermetallic Compound Diniobium Pentaoxide Nb2 O5  13 323

NiY 12 598 Niobium Phosphate NbPO5  13 690

Nickel-Zinc System 12 946 Niobium-Rhenium System 12 949,
951,

Nio 36 12 1187 952

Nilo 40 12 1187 Niobium Disilicide NbSi2  13 1213

Nilo 50 12 1238 Pentaniobium Trisilicide Nb5Si3 13 1213

Nimonic 80 12 1216, Niobium + Tantalum + EX. 12 1253
1221

Niobium Tantalum Oxide 2Nb2 O5 . Ta 2O5  13 543

Nimonic 90 12 1216,
1221 Niobium-Tantalum System 12 950,

951,
Niobium Nb 12 236 953

Niobium Alloys (specific types) Niobium-Tin Intermetallic Compound

D-43 Niobium Alloy 12 1259, NbsSn 12 601
1261,

1262 Niobium + Titanium + EX i  12 1257

FS-82 Niobium Alloy 12 1253, Niobium + Tungsten + EXi 12 1259
1255

Niobium-Uranium System 12 954
FS-82B Niobium Alloy 12 1255

Niobium Vanadium Oxide Nb 2O . V 205 13 596
Nb-132 12 1255

Niobium-Vanadium System 12 955,
Nb752 12 1259, 957

1261
Niobium-Zirconium System 12 958

Nb-5Mo-5V-lZr 12 1250,
1252 Niromet 42 12 853

Russian Alloy RN-6 12 1262 Nitrates and Nitrites

Niobium Diboride NbB2  13 767 NH4 NO3 13 671

Niobium Carbide NbC 13 858 Ba(NO3 )2  13 671

Diniobium Carbide NbIC 13 936 Ba(NO2)S.H 2 0 13 671
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C24NO3 13 671 P-03 Graphite 13 126

Pb(N03 )2  13 671 Palau 12 814

RbNOs  13 671 Palladium Pd 12 248

AgNO 13 655 Palladium + Gold + EX 12 1265

NaNOq 13 657 Palladium-Silver System 12 962

NaNO2  13 661 Palladium-Tin Intermetallic Compound

Sr(NO3 )2  13 668 Pd3 Sn 12 605,
607,

Nitrides 608

AIN 13 1127 Palladium-Ytterbium Intermetallic
Compound

BN 13 1131
PdsYb 12 606,

HfN 13 1162 607,
609

NpN 13 1162
Pallagold 12 814

NbN 13 1162
Para plex P-444A 13 1421

PuN 13 1162
Permalloy 12 853,

ScN 13 1162 854

Si3 N4  13 1140 PGX Graphite 13 126

TaN 13 1162 PH 14-8 Mo 12 1146

ThN 13 1163 Phenolic Refrasil 13 1610

TiN 13 1147 Phenolic Resin 13 1509

UN 13 1152 Phenoxy Resin 13 1512

UCe + CN 13 1163 Phosphates

(U+Pu)N 13 1163 AIPO4  13 689

VN 13 1163 NH4H2PO4  13 689

ZrN 13 1156 Cos(PO4 )2  13 689

Nitroso Elastomer Compound 13 1520 GaPO4  13 690

NiVCO Alloy 12 1085, Pb(PG3 ) 2  13 674
1087

pb2 P 2 0 13 674

Normal Phosphate 
13 687

Pb3 (PO4 )2  13 674

Nylon 6 
13 1499

Pb3 P4O13  13 674
Nylon 610 13 1499

PbsPO,5  13 674
Nylon Fabric/Phenolic Resin Composite 13 1600

Mg(PO3 ) 2  
13 690

OFHC Polycrystalline Copper 12 80 NbPO5  13 690

t V5G Great Lakes Graphite 13 125

KD2PO4  13 690
Osmium Os 12 244

OTWR 
13 1612 HR,3 6
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RbH2PO 13 690 POCO Graphite 13 75

TaPO, 13 690 Polonium PO 12 270

SnS (PO4) 2  13 691 Pollucite 13 709

VPO, 13 691 Poly(Acetyl Triallyl Citrate) 13 1384

Zn(PO4 )2  13 681 Polyacrylonitrite 13 1385

Zn(P0) 2  13 684 Poly(Acrylonitrile-Butadiene) 13 1386

ZP 20 7  13 691 Poly( Triallyl Citrate) 13 1392

ZrPO 13 687 Poly(Allyl Diglycol Carbonate) 13 1388

ZrP20 7  13 687 Poly(Allyl Methacrylate) 13 1389

Zr 2 P2O9  13 687 Poly(Diallyl Phenylphosphonate) 13 1390

Phosphides Poly(Diallyl Phthalate) 13 1391

BP 13 1165 Poly(Butadiene-Styrene) 13 1394

GaP 13 1168 Poly( Butyl Methacrylate) 13 1396

InGaP 13 1183 Polyisobutylene 13 1402

Inp 13 1183 Polycarbonate 13 1403

FesP 13 1183 Poly(Chlorostyrene) 13 1415

MnP 13 1172 Poly( Chloro Trffluoroethylene) 13 1409

NpP 13 1183 Poly(Chloro Trifluoroethylene-1, 1-
Difluoroethylene) 13 1413

PuP 13 1176
Poly( N-Decyl Methacrylate) 13 1418

ThP 13 1183
Polyester 13 1419

UP 13 1178
Polyester Resin 13 1511

Phosphor Bronze 12 791,
1112 Poly( Ethyl Acrylate) 13 1423

Phosphorus Sesquisulflde P4S3  13 1240 Poly(Ethyl Methacrylate) 13 1424

Picrochromite 13 486 Polyethylene 13 1427

Platinum Pt 12 254 Polyethylene Chlorosulfonate 13 1434

Platintm-Rhodium System 12 967 Polyethylene Glycol Dimethacrylate 13 1435

Platinum-Ruthenium System 12 970 Polytetraethylene Glycol Dimethacrylate 13 1436

Plutonium Pu 12 260 Polyethylene Terephthalate 13 1437

Plutonium Carbide PuC 13 866 Polyflon M-1 13 1445

Plutonium Sesquicarbide Pt 2 C3  13 936 Poly( Trifluoro-Chloroethylene) 13 1442

Plutonium Nitride PuN 13 1162 Poly( Tetrafluoroethylene) 13 1443

Plutonium Dioxide PuO2  13 331 Poly(Cyclohexyl Methacrylate) 13 1455

Plutonium Phosphide PuP 13 1176 Poly(N-Hexl Methacrylate) 13 1453

Plutonium Sulfide PuS 13 1227 Poly(2-Hydroxyethyl Methacrylate) 13 1456

K -
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Poly(2-Hydroxypropyl Methacrylate) 13 1458 Epoxy Resin 13 1502

Poly(2-Methoxyethyl Methacrylate) 13 1464 Epoxy Rubber 13 1520

Poly(Methyl Acrylate) 13 1466 EPR Rubber 13 1520

Poly(2-Methyl I, 3-Butadiene 2- Fluon 13 1446
Methyl Propene) 13 1468

Fluoroplast lV 13 1446
Poly( Methyl Methacrylate) 13 1470

Fluorothene 13 1442
Poly( Methyl Pentene) 13 1475

Halon G-80 13 1445
Poly( 2-Methyl 5-Vinyl Pyridine-

Acrylonitrile Butadiene) 13 1476 Halveg Elastomer 13 1520

Polymethylene 13 1477 Hycar 4021 Rubber 13 1423

Poly( N-Octyl Methacrylate) 13 1482 Hypalon 5-20 13 1434

Polyoxymethylene 13 1478 Laminac 4129 13 1512

Poly(N-Propyl Methacrylate) 13 1484 Lexan 13 1405

Polypropylene 13 1486 Makrolon 13 1405

Poly(Pyromellitimide) 13 1462 Maraglas 555 13 1505

Polystyrene 13 1489 Marlex 50 13 1430

Polythene, PM-1, Vinyl Polymer 13 1429 Marlex 5095 13 1429

Polyurethane 13 1494 Marlex 6001 13 1429

Poly( Vinyl Cyclohexene Dioxide) 13 1496 Marlex 6002 13 1429

Poly( Vinyl Toluene) 13 1497 Marlex 6009 13 1429

Polymers Merlon 13 1405

Adiprene C + Lithafax 13 1520 Mylar 13 1438

Aromatic Polyamide 13 1392 Neoprene Rubber 13 1514

Bakelite 13 1517 Nitroso Elastomer Compound 13 1520

Biphenol-A 13 1405 Nylon, Miscellaneous 13 1498

Catalin 13 1512 Nylon, Phenolic, Low Density 13 1499

Cellulose Acetate 13 1407 Nylon 6 13 1499

Cellulose Propionate 13 1408 Nylon 610 13 1499

Copoly(Ethylene-Propylene) 13 1440 Paraplex P-444A 13 1421

Copoly( Vinyl Chloride-Vinyl Pema 13 1424
Acetate) 13 1495

Phema 13 1456
Copoly( 1, l-Difluoroethylone-

Hexafluoropropene) 13 1460 Phenolic Resin 13 1509

Delrin Acetal DA-500 13 1479 Phenoxy Resin 13 1512

Epon 815 13 1504 PMA 13 1466

Epon 828 13 1504 PMEMA 13 1464

-- jp. q
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PnOMA 13 1482 Poly(N-Propyl Methacrylate) 13 1484

PnPMA 13 1484 Polyoxymethylene 13 1478

Poly( Acetyl Triallyl Citrate) 13 1384 Polypropylene 13 1486

Polyacrylanitrate 13 1385 Poly(Pyrmellitimide) 13 1462

Poly(Acrylonitrate-Butadiene) 13 1386 Polystyrene 13 1489

Poly(Allyl Diglycol Carbonate) 13 1388 Polytetraethylene Glycol
Dimethacrylate) 13 1436

Poly(Allyl Methacrylate) 13 1389
Poly( Tetrafluoroethylene) 13 1443

Poly( Butadiene-Styrene) 13 1394
Polythene, PM-1, Vinyl Polymer 13 1429

Poly( Butyl Methacrylate) 13 1396
Poly( Triallyl Citrate) 13 1392

Polycarbonate 13 1403
Poly( Trifluoro-Chloroethylene) 13 1442

Poly(Chlorostyrene) 13 1415
Polyurethene 13 1494

Poly( Chloro Trifluoroethylene) 13 1409
Poly( Vinyl Cyclohexane Dioxide) 13 1496

Poly( Chlorotrifluoroethylene- 1,
1-Difluoroethylene) 13 1413 Poly( Vinyl Toluene) 13 1497

Poly( Cyclohexyl Methacrylate) 13 1455 Poly( 2-Hydroxethyl Methacrylate) 13 1456

Poly(Diallyl Phenyl Phosphonate) 13 1390 Poly(2-Hydroxpropyl
Methacrylate) 13 1458

Poly(Diallyl Phthalate) 13 1391
Poly( 2-Methaxyethyl-Methaerylate) 13 1464

Polyester 13 1419

Poly(2-Methyl 1, 3-Butadiene
Polyester Resin 13 1511 2-Methylpropene) 13 1468

Poly( Ethyl Acrylate) 13 1423 Poly( 2-Methyl 5-Vinyl Pyridine-
Acrylonite Butadiene) 13 1476Polyethylene 13 1427

PTFE, film, stretched 13 1446
Polyethylene Chlorosulforate 13 1434

Resibond 907 13 1504
Polyethylene Glycol

Dimethacrylate 13 1435 Rubber, Hard 13 1520

Polyethylene Terephtlate 13 1437 Rubber, Miscellaneous 13 1520

Poly(Ethyl Methacrylate) 13 1424 Rubber, Natural + Lithafax 13 1520

Polyflon M-11 13 1445 Selectron 5026 13 1512

Polyisobutylene 13 1402 Silastic 1600 13 1518

Poly(Methylacrylate) 13 1466 Silastic 400 13 1518

Poly(Methyl Methacrylate) 13 1470 Silastlc X30028 13 1519

Polymethylene 13 1477 Silicon Rubber 13 1517

Poly(Methyl Pentene) 13 1475 Stanford 43 13 1504

Poly(N-Docyl Moth Acrylate) 13 1418 Stycast 1266 13 1505

Poly( N-Hexl Methaerylate) 13 1453 Stycast 2850 13 1505

Poly(N-Ootyl Methaecrylate) 13 1482 Stycast 2850 FT 13 1504

- _ _ _ _ _ _ _,.!., - .- 4. .u - -
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Stycaqt 7850 GT 13 1504 Potassium Tantalum Oxide K20. Ta2 o 5  13 544

Teflon 13 1445 Potassium Titanium Oxide Fiber/Epoxy
Resin Composite 13 1605

Teflon Film 13 1447
Praseodymium Pr 12 272

Teflon I 13 1445
Praseodymium Carbide PrC2  13 936

Teflon TF 2 13 1447
Praseodymium Oxide PrO1 . u(PreOii) 13 339

Teflon 5 13 1445
Dipraseodymlum Trioxide Pr 203 13 336

Teflon 6 13 1445
Praseodymium-Ruthenium Intermetallic

Tenite I 13 1407 Compound

Tenite II 13 1407 PrRu2  12 610,
612,

Terylane Filament Yarn 13 1438 613

Torr Seal 13 1504 Praeseodymium Selenide Pr2Sea 13 1192

Potassium K 12 271 Praseodymium Sulfide Pr 2S3  13 1240

Potassium Aluminum Metasilicate Praseodymium Monosulfide PrS 13 1240
KAI(SiO3 )2  13 727

Praseodymium-Tin Intermetallic Compound

Potassium Bromide KBr 13 810
PrSn% 12 611,

Potassium Bromide + Potassium Chloride 612,
KBr + KCI 13 830 614

Potassium Bromide + Rubidium Bromide Protactinium Pa 12 277
KBr + RbBr 13 838

Protoenstatite 13 717
Potassium Chloride KCI 13 982

PTFE, Film, Stretched 13 1446
Potassium Chloride + Rubidium Chloride

KC1 + RbCl 13 1012 Pyrex 7740 13 1356,
1371

Potassium Dideuterlum Arsenate
KD2 ASO4  13 620 Pyrex Glass 13 1369

Potassium Dideuterium Orthophosphate Pyrex G702-EJ 13 1371
KD2PO4  13 690

Pyrex, Ordinary 13 1371
Potassium Fluoride KF 13 1056

Pyroceram Ceramics 13 1287
Potassium Germanium Oxide K20. 2GeO2  13 498 Pyrolytic Graphite 13 79

Potassium Germanium Oxide KO. 7GeO2 13 498 Quartz 13 352

Potassium Germanium Oxide 3K20" llGeO% 13 498 Quartz, Fused 13 360

Potassium Dihydrogen Arsenate KH 2ASO 4  13 623
RAD-60 13 1612

Potassium Dihydrogen Orthophosphate
KH 2PO4  13 677 RAE-40C 12 1040

Potassium Trihydrogen Selenite RAE-47B 12 1040
SKH,(SeCI), 13 694" RAE-47D 12 1040

Potassium Iodide KI 13 1102
RAE-55 12 1040

Potassium Niobium Oxide N(O- Nb2 O5  13 532
RC-130 B 12 1274

Potassium Sulfate K0 4  13 736
Rene 41 12 1216,

- I I -
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Rhenium Re 12 280 AZhMts 12 1092

Rhenium Silicide ReSi 13 1213 BrAZh 12 1092

Rhenium Disilicide ReSi2  13 1213 BrAZhN 12 1092

Rhenium-Tungsten System 12 973 BrB2  12 1097

Rhodium Rh 12 285 BrKMts 3-1 12 1107
1109

RR-50 12 1046
BrOF 10-1 12 1112

RR-53C 12 1046 D16 12 1011
RR-77 12 1053 1019

RT0029 Graphite 13 89 D18 12 1019

Rubber, Hard 13 1520 EI-572 12 1138
1147

Rubber, Natural + Lithafax 13 1520
EI-606 12 1138

Rubidium Aluminum Metasilicate 1147
RbAI(Si 3 ) 2  13 728

EI-607 12 1222
Rubidium Bromide RbBr 13 816

EI-617 12 1222
Rubidium Bromide + Rubidium Chloride

RbBr + RbCl 13 834 EI-802 12 1145

Rubidium Chloride RbCl 13 990 EI-929 12 1227
1229

Rubidium Dideuterium Arsenate
RbD2 AsO4  13 627 EP-479 12 1145

Rubidium Fluoride RbF 13 1076 Kh2M 12 1146

Rubidium Dihydrogen Arsenate RbH2AsO4  13 630 Kh15N24T2 12 1175
1186

Rubidium Dthydrogen Orthophosphate
RbH2 PO4  13 690 Khl7N2 12 1146

Rubidium Iodide RbI 13 1109 Khl7N7Yu 12 1138
1146

Rubidium Manganese Trifluoride
RbMnF3  13 1076 Kh21G7ANS 12 1148

Rubidium Sulfate Rb2SO4  13 739 L62 12 1117

Russian Alloys (specific types) LK 80-3L 12 1117

1Khl8N9T 12 1141 LS 59-1 12 1116

15KhM 12 1141 LZhMts 59-1-1 12 1117

18Kh2N4VA 12 1187 M2 12 782

A12 12 1047 N25Kh2T2 12 1185

AD31 12 1031 N25Kh2T3 12 1185

AL9 12 1054 OKhN3M 12 1187

AM&S 12 1031 RN-6 12 1262

AMg6 12 1031 V65 12 1011
1019

A~tS 12 1036

,-
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V94 12 1054 Ga2Se 3  13 1192

VT-5 12 1280 La2Se3  13 1192

VT-8 12 1280 HgSe 13 1192

Ruthenium Ru 12 290 NdS% 13 1192

Ruthenium Dioxide RuO2  12 341 Pr2Se 13 1192

Rutile 13 394 Sm 2Se% 13 1192

RVA Graphite 13 93 SnSe2  13 1192

RVC Graphite 13 97 USe 13 1192

RVD Graphite 13 101 ZnSe 13 1187

S Monel 12 1232, Selenites
1233

KH 3(SeO) 2  13 694
SA-1 12 1046

NaD3(SeO3) 2  13 697
SA-14 12 1046

NaH3(SeOq)2 13 699
SAE 1010 12 842,

1165, Selenium Se 13 149
1167

Silastic 160 13 1518
SAE 1020 12 1165,

1167 Silastic 400 13 1518

Samarium Hexaboride SmB$ 13 797 Silastic X30028 13 1518

Samarium Dicarbide SmC2  13 936
Silica, Fused 13 360

Samarium Oxide SmrO3 13 344

Samarium Selenide Sm 1Se3  13 1192 Silicates

Samarium-Silver Intermetallic Compound A12SiO 5  13 703

4 SmAg 12 615 AI4 SiO 13 703

Samarium (HI) Sulfide SmA 13 1240 AleSi 2Ou 13 703

Sapphire 13 178, BaAI2 (SiO4 ) 2  13 727
180,
182, CasSiO5  13 705
184

CaStOT is 705
Scandium Sc 12 295

CaSiO4  13 705
Scandium Diboride SED 13 797

CaSiOs  13 7 05

Scandium Nitride SN 13 1162
CaAl,(SI04 )2  13 707

Scandium Oxide ScO3 13 347 Ca:AISiOT 13 J727

Selectron 5026 13 1512
CaMgSiO4  13 708

Selenides
cMg(s3 1), 13 i 708

As e 13 1192' CajMgi20jO 13 '708

Cd~e 13 1185
Ca:Mg(S1 4 ) 2  13 708

Eue 13 1192

_ _ _ _ |
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CaAl(SiO1 )2  13 709 Cr 1 Si 13 1195

clioi 4  13 727 CoW 13 1211

HfiO, 13 727 Co3 Si 13 1211

FeSiO4  13 710 Cu 5Si 13 1211

FeCaSiO, 13 710 (-Cu 8 Si4  13 1212

FeCaMg,(Si0)4 13 710 FeSi 13 1212

FeCaMg( SiO4) 2 13 710 FeSi2  13 1212

PbSiO3  13 711 FeSSi 13 1212

PbjSiO 4  13 711 LaSi2  13 1212

Pb4 SiO, 13 711 Mg2si 13 1212

Pb5BDSiOO 13 711 MnSi 13 1212

LiS1 O5  13 713 MoSi 2  13 1198

L14SiO4  13 713 MoSi 13 1212

LiAlSiO4  13 713 Mo Si 13 1212

MgSiO3  13 715 MoSSi 3  13 1212

Mg 2SiO4  13 718 Ni2Si 13 1212

Mg2A14SisOs 13 727 NbSh2  13 1213

Mn niO 13 727 Nb.S% 13 1213

NiSiO4  13 727 ReSi2  13 1213

KAI(SiOS) s  13 727 ReSi 13 1213

RbAI(S O)2 13 728 T&Sh 13 1202

NaALSIO 4  13 728 I'lSh 13 1213

Na2CaSiO 4  13 728 TiS12  13 1213

SrAlt(SiO4) 2 13 728 TiSi 13 1213

ThS0l3 13 728 WSI 13 1205

Y i S  13 728 U3Si 13 1213

YAWiO 13 728 U2 Si1  13 1213

zD2sIO4  13 722 O-Usi 13 1213

ZrSiO4  13 724 V2Si 13 1214

Silicides Vsih 13 1214

BaSh is 1211 v1sh 13 1214

CrSI 13 1211 ZrSh 13 1214

Cr81- 13 1211 Silicon St 13 154

SCrSt 13 1211 Silloon Tetraboride SU3i 13 797

__ _ __._ _ - _ __ _,__ -ii
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Silicon Hexaboride SiBs  13 797 Sodium Iodide Nal 13 1116

Silicon Carbide SiC 13 873 Sodium Lanthanum Molybdenum Oxide
Na 2 O. La2 0 3 4MoO3  13 521

Silicon Nitride Si3N4  13 1140
Sodium Niobium Oxide Na2 O, Nb1O5  13 533

Silicon Dioxide (Crystalline) SiO2  13 350
Sodium Nitrate NaNO3  13 657

Silicon Dioxide (Fused) SiO2 13 358

Sodium Nitrite NaNO2  13 661.
Silicon Dioxide Fiber/Phenolic Resin 667

Composite 13 1608
Sodium Silicate Glass Na2O-SiO 13 1379

Silicone Rubber 13 1517
Sodium Sulfate Na2 SO 13 740

Silver Ag 12 298
Sodium-Thallium Intermetallic Compound

Silver Bromide AgBr 13 836
NaT1 12 622

Silver Chloride AgCl 13 995
Sodium Tungsten Oxide Na 2O. W03 13 592

Silver Iodide AgI 13 1114
Soft Aluminum 12 4

Silver Nitrate AgNO 3  13 655
Spectrosil 13 365

Silver-Terbium Intermetallic Compound 366

Ag2Th 12 618 Spinel 13 479

Silver Thioarsenate Ag3AsS 13 1240 Stainless Steels (specific types)

Silver-Tin System 12 976 lI1h8N9T (Russian) 12 1128,
1141

Silver-Zinc Intermetallic Compound
15-5 PH 12 1141

AgZn 12 619
15KhM (Russian) 12 1141

Single Crystal Copper 12 80
17-4 PH 12 1141

Soda Lime C. G.W. Code 0080 13 1360
17-7 PH 12 1138

Sodium Na 12 310 1141

Sodium Aluminum Orthosilicate NaAlSiO4  13 728 AFC-77 12 1145

Sodium Borate Glass Na2 O-B0O 13 1377 AISI 301 12 1138
1141

Sodium Bromate NaBr02 13 633 1142

Sodium Bromide NaBr 13 821 AISI 302 12 1138
1142

Disodium Calcium Orthosilicate
NaCaSiO4  13 728 AISI 303 12 1138

1142
Sodium Chlorate NaClO 13 648

AISI 304L 12 1138
Sodium Chloride NaCl 13 1000 1142

Sodium Trideuterium Selenite AISI 310 12 1138
NaD$(Se( 3 )2  13 697 1142

Sodium Fluoride NaF 13 1060 AII 316 12 1138,
1143

Sodium Tetrafluoroborate NaBF 4  13 1076
AIMI 321 12 1138,

Sodium Triydrogen Selenite NA(SeO2), 13 699 1143

Sodium Iodate NaO 4 13 652 AISI &30 12 1177 4ft
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AISI 347 12 1138, Stellite 6 12 1067,
1143, 1069
1144

Stellite 21 12 1067
AISI 406 12 1138, 1069

1144
Stellite 23 12 1067,

AISI 410 12 1138, 1069
1144

Stellite 25 12 1067
AISI 416 12 1138, 1069

1144
Stellite 27 12 1067

AISI 420 12 1138, 1069
1144

Stellite 30 12 1067,

AISI 422 12 1138, 1070
1145

Stellite 31 12 1067,

AISI 430F 12 1138, 1070
1145

Strontium Sr 12 313

AISI 440C 12 1138,
1145 Strontium Dialuminum Orthosilicate

SrA12 ( Si0 4) 2  13 728
AISI 446 12 1138,

1145 Strontium Borate Glass SrO-B2O3  13 1386

AISI 455 12 1145 Strontium Dichloride SrCI 2  13 1014

AISI 633 (AM-35) 12 1145 Strontium Fluoride SrF2  13 1065

AM-35 (AISI 633) 12 1145 Strontium Hafnium Oxide SrO HfO 2  13 502

AM-335 12 1145 Strontium Lead Oxide SrO. PbO2  13 516

AM-362 12 1145 Strontium Molybdenum Oxide SrO. MoO3  13 522

AM-363 12 1145 Strontium Nitrate Sr(NO) 2  13 668

AMS-6487 (H-11) 12 1146 Strontium Oxide SrO 13 372

EF-572 (Russian) 12 1147 Strontium Monosulfide SrS 13 1240

EI-606 (Russian) 12 1147 Strontium Titanium Oxide SrO. TiO2  13 570

EI-802 (Russian) 12 1145 Strontium Zirconium Oxide SrO.ZrO2  13 611

EP-479 (Russian) 12 1145 Stycast 1266 13 1505

H-II (AMS-6487) 12 1146 Stycast 2850 13 1505

KI2M (Russian) 12 1146 Stycast 2850 FT 13 1504

Khl7N2 (Russian) 12 1146 Stycast 2850 GT 13 1504

Kh17N7Yu (Russian) 12 1146 Sulfates

Kh2IG7ANS (Russian) 12 1148 Cs8SO4  13 730

PH14-8Mo 12 1146 Li2SO4  13 731

Standard Reference Material 736, Copper 12 82 Li(NIH5 )SO 13 734

Stanford 43 13 1504 KSO3 13 736

Stellite 3 12 1067, Rb2SO4  13 739
10691

--. , - -
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Na2 SO4  13 740 Tantalum Alloys (specific types)

Sulfides T-111 12 1267,
1270

Bas 13 1239
T-222 12 1270

CdS 13 1221
Tantalum Complex Oxides

CaS 13 1239
6HfO . Tao 5  13 534

cs z 13 1239
PbO- Ta2 O5  13 535

CeS 13 1239
2PbO& Ta2 05  13 537

Ce 2SA 13 1239 2TaO5 13 538

CeS 13 1239
Li2 0 Ta20 13 539

EuS 13 1239
2Nb2O5 . TaO 5  13 543

LaS 13 1239
K20. Ta20 5  13 544

LaAS 13 1239
Tantalum Boride TaB 13 797

MnS 13 1225
Tantalum Diboride TaB2  13 772

MoS2  13 1239
Tantalum Carbide TaC 13 879

NdS 13 1239
Ditantalum Carbide Ta2C 13 936

Nd2s2  13 1240
Tantalum Carbide + Graphite TaC + C 13 951

P~s3  13 1240
Tantalum Carbide + Tungsten Carbide

PuS 13 1227 TaC + WC 13 940

PrS 13 1240 Tantalum + Niobium + EXi  12 1266,
1268,

Pr 2Si 13 1240 1269

Smr% 13 1240 Tantalum Nitride TaN 13 1162

Ag3AsS3 13 1240 Ditantalum Pentaoxide Ta20 5  13 374

SrS 13 1240 Tantalum Phosphate TaPO5  13 690

ThS 13 1240 Tantalum Silicide TaSi2  13 1202

US 13 1229 Tantalum + Tungsten + EX 12 1267,
1268,

ZS 13 1232 1270

Sulfur S 13 162 Tantalum-Tungsten System 12 979

Superinvar 12 1182, Tantalum Vanadium Oxide Ta2OS'V,0 5  13 597
1183

Taylor Zircon 13 725
SIC-S Graphite 13 127

Teflon 13 1445

Synthetic Rock Salt 13 1003 Teflon Film 13 1447

T-111 12 1267,
1270 Teflon 1 13 1445

T-222 12 1270 Teflon TF 1 13 1447

Tantalum Ta 12 316 Teflon 5 13 1443



A39

Material Name Vol. Page Material Name Vol. Page

Teflon 6 13 1445 Callium Iodide TII 13 1121

Tellurides Thorium Th 12 332

Bi2 Tes 13 1270 Thorium Hexaboride ThB6  13 797

CdTe 13 1243 Thorium Tetraboride ThB4  13 797

CrTe 13 1248 Thorium Carbide ThC 13 937

CuInTe2 13 1270 Thorium Dicarbide ThC2  13 886

GeTe 13 1270 Thorium Monocarbide + Uranium
Monocarbide ThC + UC 13 941

In2 Te 13 1270
Thorium Nitride ThN 13 1163

LaTe 13 1270
Thorium Dioxide ThO2  13 376

PbGeTe 13 1271

Thorium Phosphide ThP 13 1183
PbTe 13 1250

Thorium Metasilicate ThSiO3  13 728
MnTe 13 1253

Thorium Sulfide ThS 13 1240
HgTe 13 1256

Thulium Tm 12 336
SnTe 13 1260

Thulium Dodecaboride TMB 12  13 791
ZnTe 13 1265

Thulium Oxide Tm2 O 13 383
Sb2Te3 + In Te2  13 1271

Ti-150A 12 1287
Tellurium Te 13 163

Ti-679 12 1293
Tempaloy 336 12 1103,

1105 Ti-2. 5A1-16V 12 1294,
1295

Tempaloy 841 12 1089,
1091 Ti-3A1-5Cr 12 1287

Tempaloy (soft) 12 1105 Ti-4AI-3Mo-IV 12 1274,
1275

Tenite I 13 1407
Ti-SAI-2.5Sn(A-110 AT) 12 1274,

Tenite II 13 1407 1280

Tens-50 12 1044 Ti-5AI-5Sn-5Zr 12 1275,
1276

Terbium Tb 12 323
Ti-5A1-5Sn-5Zr-Mo-1V 12 1276,

Terbium Dicarbide TbC2  13 936 1277

Terbium Dodecaboride TbB1  13 791 Ti-6AI-2Sn-4Zr-2Mo 12 1277,
1278

Terbium-Yttrium System 12 983
Ti-6AI-4V 12 1278,

Terylane Filament Yarn 13 1438 1279

Thallium TI 12 328 Ti-6AI-4V-3Co 12 1279

Thallium Monobromide TlBr 13 826 Tin Sn 12 339

Thallium Bromide + Thlium Iodide Tin, Gray 12 341
TlBr + TU 13 1123 Tin Complex Oxide

Thallium Chloride TCI 13 1014

BaO.Sn0 13 547
Thallium Monofluoride TIF 13 1069

! I
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Tin Dioxide SnO2  13 386 Titanium Carbide + Steel Alloy
TiC + Steel Alloy T-420-G 13 1341

Tin Orthophosphate Sn( PO4 )2  13 691 Titanium Carbide + Steel Alloy

Tin Selenide SnSe2  13 1192 TiC + Steel Alloy T-520-G 13 1341

Tin (H) Telluride SnTe 13 1260 Titanium + Chromium + LX i  12 1285

Tin-Zirconium System 12 986 Titanium Complex Oxides

Titanium Ti 12 346 A1203 .TiO2  13 548

Titanium Alloys (specific types) BaO. TiO2 13 554

A-110 At (Ti-5A1-2. 5Sn) 12 1274, BaO" 2TiO2  13 560
1280

BaO. 3TiO 2  13 560
B-120 VCA 12 1294

BaO 4TiO2  13 50e
C-120 AV 12 1274

CoO" TiO2  13 563
RC-130B 12 1274 PbO" Ti0 2  13 564

Russian Alloy VT-5 12 1280
Mg" 2TiO2  13 567

Russian Alloy VT-8 12 1280
NiO TiO2  13 569

Ti-150A 12 1287
SrO TiO2  13 570

Ti-679 12 1293
ZrO2 TiO2  13 57%

Ti-2.5A1-16V 12 1294,
1295 Titanium Dideuteride TID2  13 1085

Ti-3A1-5Cr 12 1287 Titanium Dihydride TiH2  13 1085

Ti-4AI-3Mo-IV 12 1274, Titanium Monohydride TIll 13 1088
1275

Titanium Tetraiodide TiI 4  13 1122
Ti-A1-2.5Sn (A-110 AT) 12 1274,

1280 Titanium Nitride TiN 13 1147

Ti-5A1-5Sn-5Zr 12 1275, Titanium Dioxide TiO2 13 392
1276

Titanium Monoxide TiO 13 390
Ti-5A1-S5n-5Zr-lMo-1V 12 1276,

1277 Dititanium Trioxide Ti2O3  13 398

Ti-6A1-2Sn-4Zr-2Mo 12 1277, Dititanium Trioxide + Titanium
1278 Ti2O3 + Ti 13 1341

Ti-6A1-4V 12 1278, Titanium Sillcide TiSi 13 1213
1279

Titanium Disilicide TISi 2  13 1213
Ti-6A1-4V-3Co 12 1279T PentAtitanium Triaillcide TI5Si 13 1213

Titanium + Aluminum + EX 12 1272

Titanium Diboride TIE2  13 778 T
Titanium-Tungsten System 12 988

Titanium Carbide TiC 13 891 Titanium + Vanadium + i12 1291

Titanium Carbide + Carbon TiC + C 13 953

Titanium-Vanadium System 12 989
Titanium Carbide + Cobalt TiC + Co 13 1341

Titanium-Zirconium System 12 993
Titanium Carbide + Nickel + EX i

TiC + Ni + EX i 13 1319 1Tore eal 13 1504
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Tridymite 13 353 Uranium Monocarbide UC 13 902

TS-574 Graphite 13 127 Uranium Dicarbide UC2  13 911

TS-835 Graphite 13 127 Uranium Sesquicarbide U2C3  13 913

TSX Graphite 13 127 Uranium Monocarbide + Carbon UC + C 13 954

Tungsten W 12 354 Uranium Carbide + Uranium UC + U 13 1342

Tungsten Alloy (specific type) Uranium Mcnocarbide + Zirconium
Monocarbide UC + ZrC 13 943

Mallory 1000 12 1297,
1299 Uranium Cerium + Carbon Nitride

UC + CN 13 1163
Tungsten Boride WB 13 798

Uranium + Molybdenum + EX1  12 1303Tungsten Carbide WC 13 898
Uranium + Niobium + LX I  12 1304

Tungsten Carbide + Cobalt WC + Co 13 1322

Uranium Mononitride UN 13 1152
Tungsten Complex Oxides

Uranium Nitride + Plutonium Nitride
2A1203 - 5W03  13 576 (U + Pu)N 13 1163

2BaO CaO. W0 s  13 577 Uranium Dioxide U0 2  13 413

2BaO SrO-WO3  13 578 Triuranium Octaoxide U30 13 421

CaO* WO 13 580 Tetrauranium Nonaoxide U4 0 9  13 426

2CaO* MgO- WOs  13 584 Uranium Dioxide + Chromium
U0 2 + Cr TC 104 13 1342

Cr2 Os" W03  13 586
Uranium Dioxide + Molybdenum U0 + Mo 13 1326PbO. WOs  13 587
Uranium Dioxide + Stainless Steel

3PbO. Fe q . WO 13 590 U02 + S.S. 13 1330

$ MgO" 2PbO- W0 3  13 591 Uranium Dioxide + Zirconium UO + Zr 13 1342

NaO" 33 13 592 Uranium Phosphide UP 13 1178

ZrO2" 2WO 13 594 Uranium + Plutonium + LX 1  12 1306

Tungsten Dioxide W02 13 402 Uranium Plutonium Carbide UPuC 13 917

Tungsten + Nickel + EXi 12 1297 Uranium Selenide USe 13 1192

Tungsten Trioxide WOS  13 405 Triuranium Slicide U3Si 13 1213

Tungsten + Rhenium + EX1  12 1300 Triuranium Diilicide UsSi2 13 1213

Tungsten Diallicide WSi2  13 1205 #-Uranium Disilicide O-US12 13 1213

TZM Alloy 12 912, Uranium Trisilicide + Tungsten US% + W 13 1342
913

Uranium Sulfide US 13 1229
Udimet 630 12 1222 Uranium + Vanadium + LX i 1
Udimet 700 12 1229 U 12 1309

Uranium U 12 365 Uranum-Zirconium System 12 997

Vanadium V 12 373
Uranium + Aluminum + EX 12 1301

Vanadium Diboride VBt 13 783
Uranium Boride UB3  13 798

Vanadium Carbide VC 13 982

imims i I | I
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Vanadium Carbide V2C 13 937 Ytterbium Dihydride YbH2  13 1091

Vanadium + Chromium + X 1 12 1310 Ytterbium Oxide Yb2O3  13 435

Vanadium Complex Oxides Ytterblum-Zinc Intermetallic Compound

CrAO.V 20 5  13 595 YbZn 2  12 625

NbCq•V 20 5  13 596 Yttrium Y 12 387

Ta2O*V 20 5  13 597 Yttrium Oxide Y20 13 438

ZnO V20 5  13 598 Yttrium Silicate Y2SiO 13 728

2ZnO"V2 O5  13 599 Zinc Zn 12 391

3ZnO V206 13 600 Zinc Aluminum Oxide ZnO. AI20 13 485

Vanadium Hydride VH 13 1089 Zinc Arsenide ZnAs2 13 752

Vanadium Nitride VN 13 1163 Zinc Fluoride ZnF1  13 1071

Vanadium Dioxide VO 13 430 Zinc Germanium Oxide 2ZnO. GeO2  13 500

Divanadium Pentaoxide V20s 13 432 Zinc Oxide ZnO 13 444

Vanadium Phosphate VPO5  13 691 Zinc Metaphosphate Zn(P0) 2  13 684

Vanadium Disilicide VSi 2  13 1214 Zinc Orthophosphate Zns(PO4 ) 2  13 681

Trivanadium Sflicide V3Si 13 1214 Zinc Pyrophosphate Zn 2 P20 7  13 691

Pentavanadium Triallicide V5Si 13 1214 Zinc Selenide ZnSe 13 1187

Vanadium + Titanium + X 1 12 1311 Zinc Orthoslicate ZnSiO4  13 722

Verilite 12 1040 Zinc Sulfide ZnS 13 1232

Vitreoall, I.R. 13 365 Zinc Telluride ZnTe 13 1265

Vitreous Silica 13 360, Zinc Vanadium Oxide ZnO.V2 O5  13 598
362,
365 Zinc Vanadium Oxide 2ZnO.V.O5  13 599

Vycar-Brand Glass No. 790 13 1356 Zinc Vanadium Oxide 3ZnO.V 20 5  13 600

W Graphite 13 128 Zinc-Zirconium lntermetallic Compound

Water H2 0 13 261 Zn 2Zr 12 628

Wollastonite 13 705 Zlrcaloy-2 12 987,
1313

Wuatite 13 273 Zircaloy-4 
12 1313,

XB-188 12 1016 1314

Xenon Xe 13 170 Zirconium Zr 12 400

Y-Alloy 12 1011, Zirconium Alloys (specific types)

1016
Alloy 7 12 1318

Ytterbium Yb 12 382
Alloy 9 12 1318

Yttrium Dodecaboride YB2 2  13 791 A loy9 12 1313

Yttrium Carbide YC, 13 937 o
Zlroaloy-4 12 1313.

Yt.,,Ium esqulcarbide Y2C, 13 937 1314
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Zirconium Diboride ZrB2  13 784 ZTF Graphite 13 129

Zirconium Dodecaboride ZrB2  13 793

Zirconium Diboride + Chromium
ZrE + Cr 13 1342

Zirconium Diboride + Molybdenum Dicili-

cide + EX i  ZrB2 +MoS + EX1  13 790

Zirconium Carbide ZrC 13 926

Zirconium Carbide + Carbon ZrC + C 13 957

Zirconium Carbide + Graphite ZrC + C 13 964

Zirconiura Chromium Oxide ZrO. Cr 2 O3  13 490

Zirconium Complex Oxides

BaOZro2  13 601

CdO.ZrO2  13 602

CaOZrO 13 603

PbO*ZrO 13 606

SrO-Zn 2  13 611

Zirconium Dihydride ZrH2  13 1093

Zirconium Nitride ZrN 13 1156

Zirconium Dioxide ZrO2  13 451

Zirconium Dioxide + Titanium ZrO2 + Ti 13 1333

Zirconium Dioxide + Zirconium
ZrO + Zr 13 1337

Zirconium Phosphate Zr 2 P209 13 687

Zirconium Ortbophoaphate ZrPO4  13 687

Zirconium Pyrophosphate ZrP20 13 687

Zirconium Orthosilicate ZrSiO4  13 724

Zirconium Disilicide ZrSi2  13 1214

Zirconium+ Tin+ EX1  12 1312

Zirconium + Titanium + EX1  12 1317

Zirconium Titanium Oxide ZrO2 . Tiot 13 574

Zirconium Tungsten Oxide ZrO. 2WO 13 594

ZTA Graphite 13 107

ZTB Graphite 13 115

ZTC Graphite 13 119

ZTD Graphite 13 128

Z TE Graphite 13 128

£.


